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Abstract 
 
The recently discovered squat type defect which is understood as a thermal defect has 
renewed interest in rolling contact fatigue damage in railway studies. These defects were 
reported to appear in several locations across the globe where the cost incurred for their 
removal leads to a major increase of track maintenance cost. While the growth mechanism 
for classical rolling contact fatigue squat is well understood, limited research has so far 
been undertaken for squat type defects leaving them poorly understood, especially in their 
initiation and propagation mechanism. The presence of white etching layer in all locations 
where these defects have been found strongly suggests that thermal input is responsible 
for their development rather than fluid assisted growth that is responsible for the 
development of classical rolling contact fatigue squats. In this thesis, research is reported 
that combines morphological analysis data with a boundary element model to understand 
the direct influence of these thermally transformed layers on the initiation and 
propagation of squat type defects in rail. Furthermore, the work has been extended to 
explore the possibilities for defect detection in rails reaching a positive proof of concept 
outcome. It is expected that this approach could serve as a basis for maintenance 
schedules in order to avoid rail failure due to inadequate understanding of this type of 
defect. 
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CHAPTER 1  
 
INTRODUCTION 
1.0 Introduction 
Rail-wheel contact places extreme stress on the railway rail and with a growing transport 
demand, rail defects represent a cost and inconvenience to travellers and rail infrastructure 
managers. Squat type defects are a class of defects which were discovered in the year 
2000 [1] and known as “studs” by some researchers. They have renewed interest in rolling 
contact fatigue (RCF) damage studies due to their superficial similarities to classical squat 
defects, but very different character. These defects look exactly like squats at a single 
glance, and the presence of subsurface damage which was considerably similar with 
classical squat was identified from ultrasonic scans. It is well known that subsurface 
damage may develop into transverse defects that can lead to rail fracture, yet there are no 
records associating rail fracture with studs. Even though studs can be considered as 
benign, surface depressions that typically develop from studs give rise to noise and 
vibration that affects riding quality. It was reported that London Underground had a 
problem with stud defects where £6M was spent to remove them by re-railing the affected 
locations. 
The early research on studs mainly focussed on providing understanding to differentiate 
between the stud and classical squat defects through several field observations and 
metallurgical investigations. While most RCF defects including classical squat are quite 
well understood after almost five decades of extensive studies, there are still a lot of 
mysteries need to be solved for studs especially on its initiation and propagation 
mechanisms. Even though stud defects are not well understood, evidence exists that its 
initiation and growth pattern is very different to conventional RCF defects such as 
classical squats, head checks, and gauge corner cracking. The major difference between 
classical squat and studs defect is that, classical squat normally associated with surface 
plastic deformation and ratchetting, while studs are believed to be associated with 
thermally transformed material. Due to its similarity of appearance with classical squats, 
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re-profiling the rail surface through the use of rail grinding is currently the main technique 
applied by rail infrastructure managers to combat the growth of these defects. However, 
it is essential to predict the right frequency of grinding in order to prevent over-
maintenance and excess cost. Precise prediction of crack growth in rails via modelling 
can ensure system safety and reduce system infrastructure maintenance cost at the same 
time. In addition, alternative control measures can be designed once the growth pattern is 
fully understood to combat the growth of defects in rails. 
The occurrence of a white etching layer (WEL) in all locations where studs have been 
found strongly suggests that thermal input might be responsible for the development of 
studs. Excessive thermal input followed by rapid cooling on the rail surface will result in 
the formation of metallurgical transformed layer with transformation from pearlite to 
martensite (WEL). Evidence exists to suggest that WEL appears in different 
forms/configuration (either continuous or patches) with a variety of lengths and 
thicknesses [2]. However, limited research [1], [3]–[6] has been undertaken to understand 
the direct influence of WEL on the initiation and propagation of subsurface cracks 
especially as observed with studs defect in rail. 
1.1 Thesis aims and objectives 
The work in this thesis aims to provide a better understanding of the role of thermal input 
on squat type defects (studs) in rail. This can be achieved by fulfilling the following 
objectives: 
 To investigate the effect of metallurgical transformed layers on the growth of 
subsurface cracks 
 To study the potential for supressing defect growth through tailoring rail thermo-
mechanical properties 
 To identify the effect of white etching layer configuration on a larger rail defects 
 To explore the possibilities for defect detection in rails with the application of 
digital image correlation 
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1.2 Significance of study 
At present, limited information is known about the role of thermal input on squat type 
defects in rail. The current research on squat type defects only focussed on metallurgical 
investigations and crack growth study without considering the effect of thermal input on 
already initiated defects. Furthermore, current practice to detect squat type defects in rail 
will result in delay and disruptions to the rail operation. Thus, this study will contribute 
mainly to the benefit of rail infrastructure managers in understanding squat type defects 
in detail, serve as a basis maintenance schedules to control the growth of the defects, and 
provide a method that could detect presence of defects in rail that will not results in 
disruptions and delay to the rail operations. In addition, this study will also benefit the 
rail manufacturers by providing insight to produce rails that could supress defect growth. 
1.3 Thesis layout 
This thesis is arranged in a series of 8 chapters in which each chapter cover a particular 
aspect of the investigation. 
Chapter 2 presents a review of the fundamental principles behind the wheel-rail contact. 
This chapter begins with the historical review on the rail, its material and metallurgy, and 
recent advances in rail materials. The chapter then focuses on wheel-rail contact 
mechanics followed by the consequences of wheel-rail contact and damage phenomena 
that occur in the rail. Finally, it provides a review of several available methods to predict 
rail failure. 
Chapter 3 provides understanding between classical squat and squat type defect based on 
results from field observation and metallurgical investigation. Possible mechanisms for 
the initiation of squat type defect in rail are discussed in this chapter. 
Chapter 4 was written based on the paper with the title of “The potential for supressing 
rail defect growth through tailoring rail thermo-mechanical properties” [7], published in 
Journal of Wear. This chapterinvestigates the effect of a metallurgical transformed layer 
on the growth of subsurface cracks. A control measure to suppress the growth of the 
defect is introduced in this chapter. 
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Chapter 5 outlines how different configurations of the white etching layer will affect the 
growth of larger rail defects. The growth rate results predicted from the model are 
compared against wear rates from literature to identify which failure mechanism can be 
expected to dominate.  
Chapter 6 describes a proof of concept for detection in rail with the application of digital 
image correlation. The results from the experimental work are compared with modelling 
results to explore the potential for the digital image correlation method to detect the 
presence of transverse defects in rail. 
Chapter 7 summarises the main conclusions of the thesis and chapter 8 highlights 
suggestion for further work.  
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CHAPTER 2  
 
LITERATURE REVIEW    
2.0 Introduction 
This chapter provides a historical review of rail materials and metallurgy, the fundamental 
principles behind wheel-rail contact, consequences of wheel-rail contact focusing on 
damage phenomena that occur on the rail, and review of popular methods available to 
predict rail failure. 
2.1 Rail, materials, and metallurgy 
The origin of rail tracks dates back into ancient civilization (6th B.C.) where the Greeks 
and Romans were the first to develop groove stone guides (Figure 2-1) for transporting 
carts and primitive wagons along a predetermined path which resembles our railway 
network nowadays [8]. During that period, animals were used to pull carts along the tracks 
(in the form of ruts) to transport supplies and goods easily without a need for steering, 
especially on uneven terrain. Ruts that are used to guide the wheel form the basis of the 
conventional railway concepts, and function to ensure the vehicle will remain on track. 
In Great Britain, earliest records demonstrate rail usage began in the 17th century [9] 
where wooden-railed wagon-ways were used to transport minerals from coal mines to 
nearby rivers and harbours. The rails were initially made from soft woods such as pine 
which tends to wear quickly due to frequent passage of the wooden wheel. An 
improvement on the wear quality of the track was made later on where a malleable iron 
strip was placed on top of the wooden rail to overcome the wear issues. In 1776, the first 
iron rails known as plate rail was produced near Sheffield, England where the rails were 
cast in the form of L shape. Development of rail profile continued with the introduction 
of the edge rail (Figure 2-2) where the design was almost similar with present day rail 
section and was found to be many times stronger than its predecessor (the plate rail) [10]. 
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However, the application of steam engine locomotives on the rail network unleashed 
some issues whereby the cast iron rail was too brittle and fractured easily due to repetitive 
passing movement of the heavy steam engine [11]. In 1856, the development of steel rails 
made through the Bessemer process [12] has led to the replacement of cast iron rails 
across the network and they lasted 16 years with 250 trains passed per day. Over the 
following 20 years, rail profiles developed similar to that used today. 
The standard form of rail used around the world nowadays is the "flat bottom" rail (Figure 
2-3) where UIC 60 and BS113A are the dominant rail profile used in the UK and can be 
found widely across the UK network. The production process (Figure 2-4) for the modern 
rail involves melting iron ore, adding alloying element such as carbon, manganese, and 
silicon to make the steel more durable, vacuum degassing process to reduce hydrogen 
content that could lead to formation of porosity, continuous casting process into a 
rectangle block called bloom, cooling process at different rates to produce different 
grades/type, and forming to its final shape through a consecutive series of rolling process. 
This production process leaves compressive residual stress in the rail where if it is 
carefully controlled, these can help suppress crack growth [12]–[14] which could lead to 
longevity life of a rail. To ensure durability life of a rail, selection of material is a crucial 
decision in order to produce a rail that could respond well to factors that could reduce its 
life such as fatigue, wear, and environmental conditions. 
 Materials and metallurgy 
A typical rail steel should have a good hardness and should resist crack and wear 
phenomena. This can be achieved by controlling its composition (alloying elements) and 
its cooling rate during solidification. Many grades of rail exist with different compositions 
(alloying element such as Si, Mn, P, S, Cr, Al, V) and different properties [15] for a 
different application. Normal grade steels such as 260 grade (minimum tensile strength 
of 880 MPa) are commonly used on lines which operate under normal service conditions 
while high strength grade such as R 350 HT (minimum tensile strength between 1100-
1200 MPa) are used on lines that experienced higher axle load and in extremely tightly 
curved track. In the past, the standard for rail grade was indicated by its tensile strength 
but presently was replaced by Brinell Hardness (BHN) value. 
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The form of steel called pearlite has been found efficacious for rails and it is widely used 
across the globe due to its ability to work hardened during the first cycle of load 
application which results in good resistance to wear. Pearlite steel typically has a Carbon 
level around 0.6% by weight and are composed of a layered structure of soft ductile 
Ferrite (α-Fe) and hard brittle Cementite (Fe3C) as depicted in Figure 2-5. The mechanical 
properties of pearlite are strongly influenced by the distance between cementite lamellae 
(interlamellar spacing), its thickness, and the size of the grain. Different grades of rail 
steel have different spacing where finer spacing gives better wear resistance and higher 
hardness which could be controlled by manipulating the cooling rate as the hot rail cools 
(Figure 2-6). A refinement of the lamellae pearlite could be achieved through the heat 
treatment process where the cooling rate of the steel is controlled according to the time 
transformation temperature (TTT) diagram (Figure 2-7) or by increasing the weight 
content of Chromium in the steel [16]. 
 Advancement in rail materials 
The development of new material for rail steel is generally focussed on the material 
resistance against wear and cracks developed under wheel-rail contact. Head hardened 
rails (R350HT) were developed by Voestalpine Schienen GmbH in 1990 [17] where 
results to date showed that they have better wear and crack resistance compared to 
standard carbon rail (R260 grade) [18] due to their high hardness as a result from heat 
treatment process that reduced the inter-lamellar spacing. This type of rails has been 
applied widely to the heavy-haul network where the occurrence of RCF cracks and wear 
have significantly reduced especially in an area with tight radius curve.  
In addition to head hardened, research in rail material has developed with the introduction 
of two-material rail. Instead of manufacturing the whole rail section with expensive high 
wear and RCF resistance material, a new material that composed of better resistance 
properties were coated on the railhead surface of standard carbon rail which acts as a 
protective barrier to combat against wear and RCF. Laser cladding is one of the widely 
used methods to produce coatings on the railhead where superior material with excellent 
mechanical and tribological properties can be welded to the top surface of the original 
substrate material. 
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Franklin et al. [19] performed a study to test the performance of this beneficial coating 
using a twin disc test where the base material for the discs was machined from a standard 
carbon rail (R260 grade) and coated using Duroc laser cladding techniques. Two types of 
coating materials (numbered as 222 and 508) were tested under different condition (high 
pressure, dry contact, lubricated contact) to determine whether the coating surface 
provides improved fatigue and wear resistance compared to the standard rail material. 
Based on their results, they observed that both coating materials have higher resistance 
against RCF damage compared to standard carbon rail.  However, one of the coating 
materials (508) was vulnerable to crack initiation under prolonged (15,000) cycles while 
no crack initiation was observed for 222 coating material. In terms of wear performance, 
the 508 material proved to be better compared to 222 material under unlubricated 
conditions. Therefore it was proven that the coating surface provides improved fatigue 
and wear resistance compared to the standard rail material in which these advantages was 
brought into Chapter 4 to explore the possibilities of defect suppression. 
In a recent investigation, Lewis et al. [20] performed a similar test but with a wider range 
of coating material where some of the disks were coated with a double layer of similar 
coating material. They observed that all of the coating specimens had higher RCF lives 
compared to the standard carbon rail specimen where the R260 specimen generally failed 
under 15,000 cycles while the clad specimens failed between 28,000 – 50,000 cycles. 
Based on their investigation, they concluded that the rail cladding techniques have the 
prospect to supress RCF crack initiation since the majority of the cladding surface showed 
almost no plastic deformation that could lead to crack initiation.   
2.2 Wheel-rail contact 
In general, the interface between wheel and rail involves rolling and sliding contact at 
high contact pressure. The contact pressure transmitted by the wheel usually surpass the 
yield strength of the rail material due to the small size of the contact which is 
approximately similar to the size of a 20 pence coin. The combination of rolling and 
sliding drives many expensive maintenance issues such as wear, rolling contact fatigue, 
and thermal damage. Therefore it is essential to understand the position, shape, size, and 
pressure of the contact in order to reduce damage from these issues. 
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The actual position of the contact between the wheel and the rail varies and depends on 
various factors such as bogie design, wheel-rail geometry, and track condition. According 
to Tournay [21], the contact between the wheel and the rail can be separated into three 
different regions (Figure 2-8) which involve wheel tread-rail contact (Region A), wheel 
flange-rail gauge corner contact (Region B), and field side wheel-rail contact (Region C). 
Wheel and rail contact typically happens in Region A (normally occurs on tangent track 
or greater curve radius) and Region B (tight radius curve such as switches and crossings) 
where different contact region will result in a different level of stresses and sizes of 
contact that could lead to undesirable phenomena such as wear.   
Numerous studies have been done theoretically and experimentally to investigate the 
phenomena of the wheel-rail interface focusing in the contact area. Several attempts have 
been made experimentally to understand the wheel-rail contact problem that involves 
numerous techniques such as photo-elasticity methods, impression methods, and 
ultrasonic wave method [22]. The simplest way to determine the wheel rail contact area 
on a full scale rail is by rolling the wheel over the rail with carbon copy paper inserted at 
the wheel-rail interface which creates an impression of the contact shape and size [23]. 
However, this technique does not provide the pressure distribution resulting from the 
wheel-rail contact. More complex techniques exist where the shapes, sizes, and pressure 
distribution in the contact area can be determined using the ultrasonic method. 
Quantification of the shape and pressure distribution of the wheel rail contact using 
ultrasonic scan [24] under different loading conditions provides good comparative data 
where the results (overall contact shape and maximum pressure) show good correlation 
with existing numerical techniques (Figure 2-9).  
Analytical methods derived from the Hertzian theory together with a numerical method 
such as Contact developed by Kalker [25] are among the most popular methods that were 
used to study the wheel-rail contact phenomena. Both methods were developed based on 
the assumption of half space and linear elastic material model that was found relevant for 
contact that occurs in Region A (wheel-tread rail contact). However, study on wheel-rail 
contact using finite element (FE) modelling [26] suggest that Hertz and Kalker’s method 
was found to be of lower precision for the gauge corner rail contact (Region B) where 
maximum contact pressure produced by both method was significantly larger than the FE 
solution while results for Region A contact shows very good agreement (Figure 2-10). 
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The Hertzian Method is a simple calculation because it idealized a simple geometry. 
While the centre of the rail is close to this geometry and gives good prediction, it is less 
good representation of Region B. Even though various techniques exist numerically and 
experimentally to describe the wheel-rail contact, only Hertzian method will be 
considered in this thesis since contact on the rail head (Region A) is the focus of the work. 
 Contact mechanics 
Contact mechanics is the study of the relationship between stresses and deformation that 
happened when two surfaces of solid body are in contact. Its principle is widely used in 
many engineering applications such as gears, bearings, brakes and also in railway wheel-
rail contact. The history of contact mechanics began in 1882 [27] when Heinrich Hertz 
published his paper “On the contact of elastic solids” [28] that forms a foundation to solve 
contact mechanics problem nowadays. Hertz theory has been applied by many researchers 
to solve problem that involves wheel-rail contact such as analysis to describe creep 
phenomena. Carter [29] has analyzed creep phenomena of a wheel-rail contact (see 
Section 2.2.2.1) based on Hertzian analysis to generate the expression for the creep 
coefficient by treating the case as two dimensional where he assumed the wheel-rail 
contact as two parallel cylinders rolling against each other. Hertz theory was also applied 
by Johnson [30] where he solved three dimensional creep problem by representing the 
wheel-rail contact as sphere rolling on an elastic plane. With the successful application 
of Hertzian Theory in solving wheel-rail contact problems, Hertz Theory will be applied 
in this thesis as an approximation to describe wheel-rail contact size, shape, and pressure 
distribution. 
2.2.1.1 Hertzian Contact Theory 
Hertzian Contact Theory has been extensively applied in the railway contact mechanics 
to determine the contact shape and local deformation that happened on the surface of a 
wheel-rail contact region. In his study on deformation of lenses under contact force, Hertz 
hypothesized that the contact area is elliptical in shape. Hertz Contact Theory is based on 
the assumptions as follow: 
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 Each body is regarded as an elastic half-space (i.e. a semi-infinite region) loaded 
only in a small elliptical region on its plane surface. 
 Bodies must touch at a point which is small relative to their overall dimensions, 
and small relative to the radii of curvature of the surfaces. 
 Surfaces were frictionless, the bodies are isotropic, and the surfaces were clean 
and free of lubricants. 
Hertz contact theory represents an idealized situation whereas in practice (on the 
railways), wheel-rail contacts are unlikely to be clean and frictionless since the presence 
of lubricant is needed to control the friction values in the wheel-rail contact. However, 
this assumption can be satisfied since friction can be considered separately where 
extensions of the model for traction and friction are available. For the assumption of a 
small contact region relative to overall dimension, this condition is often violated in 
certain contact position especially at the gauge corner contact due to change surface 
curvature and plastic deformation. However, these issues can be neglected since the 
contact considered in this thesis is focused on the rail head region where the contact region 
is small compared with the radius of curvature of the undeformed surfaces. Two cases 
can be used to represent the contact at the rail head region based on Hertzian Contact 
Theory which is the three dimensional (3D) elliptical contact and the simplified line 
contact method. 
2.2.1.1.1 Three dimensional elliptical contact 
When the bodies in contact are more generally curved (Figure 2-11), the contact patch is 
elliptical where the surfaces initially touch at a point and will contact further over an 
elliptical area of semi axes a and b (Figure 2-12). By considering the case where the planes 
of principal curvature of the bodies are aligned against each other, three dimensional 
elliptical contact can be established based on Hertzian Contact Theory where the pressure 
distribution, p is defined by  
𝑝(𝑥) = 𝑃𝑜√1 −
𝑥2
𝑎2
−
𝑦2
𝑏2
        (2.1) 
where Po is the peak contact pressure and is given by  
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𝑃𝑜 =
3𝑃 
2𝜋𝑎𝑏
           (2.2) 
Where P is the normal load evaluated at any point in the contact. The contact half width 
dimensions a and b are given by  
𝑎 = 𝑚 [3
𝜋
4
𝑃 (
𝑘1+𝑘2
𝐴+𝐵
)]
1
3
         (2.3) 
𝑏 = 𝑛 [3
𝜋
4
𝑃 (
𝑘1+𝑘2
𝐴+𝐵
)]
1
3
         (2.4) 
where m and n are the coefficients for Hertz theory (Table 2-1). The constant A and B are 
given by equation 2.5 and 2.6 while ϴ is the constant to be used in Table 2-1. 
𝐴 =
1
2
(
1
𝑅1𝑥
+
1
𝑅2𝑥
 )         (2.5) 
𝐵 =
1
2
(
1
𝑅1𝑦
+
1
𝑅2𝑦
 )         (2.6) 
Ѳ = cos−1 (
𝐵−𝐴
𝐴+𝐵
)         (2.7) 
R1x and R1y are the radii curvature of the first body while R2x and R2y are the radii curvature 
of the second body in the lateral and longitudinal direction respectively (Figure 2-13).  
The elastic constants k1 and k2 are quantified using the following equations 
𝑘1 =
1−𝑣1
2
𝜋𝐸1
           (2.8) 
𝑘2 =
1−𝑣2
2
𝜋𝐸2
            (2.9)  
where v1 and v2 are the Poisson’s ration and E1 and E2 are Young’s Modulus for the two 
contacting bodies 
2.2.1.1.2 Line contacts 
The complex geometry of 3D wheel-rail contact can be simplified as a 2D case by 
representing the contact as a cylinder running on a flat plane (Figure 2-14). For this case, 
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only longitudinal and vertical force can be represented (not lateral force).  The maximum 
pressure Po which is located at the centre of the contact, is related to the applied load, 
cylindrical geometry, and material properties which is defined by 
𝑃𝑜 = √
𝑃𝐸∗ 
𝜋𝐿𝑅∗
           (2.10) 
where  P is the applied load, E* is elastic contact modulus, L is contact length and R* is 
effective radii of curvature. The elastic contact modulus E* is given by 
1
𝐸∗
=
1−𝑣1
2
𝐸1
+
1−𝑣2
2
𝐸2
          (2.11) 
where v is Poisson’s ratio and E is young modulus (subscript refer to surface 1 and 2 
respectively). The effective radii of curvature, R* is defined by the following equation 
where R1 and R2 are the radii of the two contacting surfaces. 
1
𝑅∗
=
1
𝑅1
+
1
𝑅2
          (2.12) 
The contact half width a is given by 
𝑎 = √
4𝑃𝑅∗ 
𝜋𝐿𝐸∗
           (2.13) 
The pressure distribution across the contact width is then given by 
𝑝(𝑥) = 𝑃𝑜√1 −
𝑥2
𝑎2
         (2.14) 
2.2.1.1.3 Sliding Hertzian contact  
For a realistic two dimensional rolling-sliding contact, two components of forces exist 
between the wheel and the rail (normal forces and tangential forces) with the influence of 
friction between the contacting elements. The tangential forces, q(x) act in longitudinal 
direction along the length of the rail where its distribution due to relative sliding can be 
estimated from the Hertzian pressure distribution, p(x) [31]. The pressure distribution, 
q(x) and p(x) act simultaneously over the contact and the influence of frictional forces 
referred as coefficient of friction for full sliding contact is given by 
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𝑞(𝑥) = µ𝑝(𝑥)            (2.15) 
An example of the shear stress contour below a sliding Hertzian contact is displayed in 
Figure 2-15. The presence of tangential force has increased the maximum subsurface 
shear stress value and shifted the contour of maximum shear stress towards the surface 
and away from the vertical axis (z-axis). Without the presence of tangential force, the 
contour of shear stress below a Hertzian contact will be symmetrical about the vertical 
axis. With an increase in the frictional traction, the position of maximum shear stress 
moves towards the surface. Plastic strains can become larger at this point as the highly 
stressed material has lost the constraining effect of the surrounding material [32].   
 Friction  
Friction can be defined as the force that hinders the movement of one body relative to 
another body. In railway operation, the movement of the train is dependent on the 
presence of frictional forces which is influenced by surface geometry, surface properties, 
running conditions, and lubricants. Sustaining good friction control is one of the 
important keys to ensure safety and reliability in a railway operation. During traction, low 
level of friction could lead to wheel slippage that will results in operation delay, while 
low friction in braking could result in a catastrophic incident. Furthermore, the level of 
friction forces plays a major role in the generation of failure on both the wheel and the 
rail, whereby low friction level will contribute to the formation of WEL either during 
acceleration or braking due to wheel spin or slip. 
Different levels of frictions are maintained in different regions of the contact between the 
wheel and the rail. The term traction coefficient (ratio between friction force and normal 
force) is used to represent the level of friction experienced between the wheel and the rail 
surface. For contact that occurs at wheel tread-rail contact (Region A), the range of 
traction coefficient is typically between 0.2-0.4 while for the wheel flange-gauge corner 
contact (Region B), the value of traction coefficient is typically less than 0.2 [33]. In order 
to maintain the required level of friction at a certain region of contact, friction modifiers 
(e.g. sand or lubricants) are applied on the rail either to increase or decrease the level of 
friction. Generally, low friction modifiers are used to reduce wear while high friction 
modifiers act as a media to increase adhesion between the wheel and the rail. To 
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determine the coefficient of friction between the wheel and the rail, various techniques 
can be used such as a tribometer, bogie on roller rig, or instrumented trains. An example 
of friction data measured under a wide range of conditions [34] is shown in Table 2-2. 
From these data, the adhesion coefficient value of 0.3 will be used in the modelling work 
to represent a dry rail condition. 
2.2.2.1 Creep 
In a wheel-rail contact, the relationship between the rolling speed of the wheel (due to 
tractive force) relative to pure rolling is known as Creep, γ where the term describe how 
much faster (or slower) the wheel is turning relative to pure rolling. Creep often expressed 
as a percentage, and usually plotted against the tractive force or coefficient of traction in 
a creep curve. A typical creep curve (Figure 2-16) provides information on the level of 
stick and slip that occurs within the contact patch between the wheel and the rail. Under 
pure rolling (zero creep), there is no traction transmitted by the contact and the whole 
contact patch is under stick region. As tractive force increase, rolling and sliding contact 
will occur due to the reduction of the stick region with an increase of the slip region. The 
stick region will fully disappear once the tractive force reaches its saturation point where 
the whole contact patch will experience a full slip. Under full slip condition, the level of 
traction is limited by the coefficient of friction with a maximum creep level between 1% 
to 2% under dry contact [35]. 
During traction or braking, it is desirable to achieve maximum acceleration or 
deceleration available. This can be achieved by ensuring the operation is close to the 
saturation point (partial slip) rather than full slip (Figure 2-17). Under acceleration, full 
slip condition will results in wheel spin while under braking, full slip induce wheel slide 
(locked wheel) event. Full slip condition (either wheel spin or wheel slide) will generate 
a lot of thermal input in a concentrated part of the wheel or rail which is likely to result 
in damage and failure. Therefore it is important for the traction control system to know 
how to approach full slip but not reach it. 
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 Thermal aspect of wheel-rail contact 
In the event of wheel slip, either a locked wheel during braking or spinning wheel during 
traction will generate thermal input to both the wheel and the rail. Excessive thermal input 
can result in the formation of white etching layer (WEL) on the steel rail surface where 
thermal transformation happens and change the steel phase from pearlite to martensite 
[36]–[38]. A martensite is a form of steel which is known to be hard but brittle. This form 
of steel is formed by heating a normal rail steel over 727°C, followed by rapid cooling 
[39].  
The term white etching layer was given due to its resistance against etching and appears 
white and remain featureless under metallographic examination. An early investigation 
on WEL was conducted by Stead [36] where he discovered WEL formation on the surface 
of a used steel wire ropes. He interpreted the formation of WEL as martensite where the 
formation comes from frictional heating in service followed by rapid quenching [40]. 
Since then, the formation of WEL on the rail surface has become the subject of interest 
by many researchers [41]–[45] in order to understand its origin and mechanism. 
It is thought that the formation of WEL would be beneficial to combat against wear 
phenomena due to its high microstructural hardness. However, the brittle surface layer 
can easily crack and once a small crack exists within the WEL region, it will propagate 
and grow down into the rail. A recent investigation by numerous researcher [46]–[48] has 
discovered that the formation of WEL has a detrimental effect in fatigue life due to its 
brittle nature where crack that initiates at the WEL surface will grow rapidly until it 
reaches the interface between WEL and the base material. In the current project, this is 
important because WEL was found on all of the samples as discussed in Chapter 3.  
2.2.3.1 Metallurgical background 
A rail steel with a carbon content of 0.6% in weight typically melts at around 1400°C. In 
order for WEL to form, the steel needs to be heated above its eutectoid temperature 
(727°C) and rapidly cooled within a tenth of second (cooling rate of 140°C/s) so that it 
will miss the nose of the curve of the austenite-to pearlite transformation (continuous 
cooling transformation diagram in Figure 2-18). If the steel cools more slowly within a 
cooling rate lower than 35°C/s (blue dashed) it will transform to the equilibrium pearlite 
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and austenite structures. Once martensite is formed, its hard brittle structure is retained at 
room temperature.  
The exact position of the continuous-cooling transformation curves varies with the 
composition of the steel. The existence of alloying elements in the rail (i.e. Si, Mn, P, S, 
Cr, Al, V) may results in alteration to the positions and shapes of the curves in the 
continuous cooling transformation (CCT) diagram where the nose of austenite to pearlite 
transformation has been shifted to longer times, thus decreasing the cool rate [49]. These 
changes can be seen from Figure 2-19 where the cooling rate to change the phase of alloy 
steel from austenite to martensite has decreased to 8.3°C/s compared to the rapid cooling 
rate of plain carbon steel (140°C/s) in Figure 2-18.  
2.2.3.2 Possible mechanism for heat generation  
Sufficient thermal input must be generated at the rail surface in order for WEL formation 
to take place. Knothe in his study suggests that a temperature around 600°C can be 
achieved under sliding contact with contact condition of 200 kN, 3% creep, and speed of 
75 m/s [50]. However, it is implausible for such values to be achieved during normal 
running. Furthermore, the temperature of 600°C is far below the temperature required 
(727°C) for austenization to take place. A recent investigation by Takashi [51] has 
confirmed that the formation of WEL on the rail surface was based on martensitic 
transformation after rapid austenization. Temperature above 727°C could be achieved due 
to frictional heating that would result in a transformation of up to 60 µm in depth under 
contact condition of 98 kN axle load, dynamic friction coefficient of 0.4, and vehicle 
speed of 30 m/s. The transformation depth of 60 µm calculated by Takashi shows good 
agreement with field observation from another researcher [52] where the thickness of 
WEL that formed on the rail surface was observed between 50 to 125 µm. This finding 
identifies that it is possible for metallurgical transformation to take place with the 
influence of thermal input under certain contact conditions.  
Heat could be generated on the rail surface when an extreme sliding event, due to locked 
wheel, will flash heat the rail surface (Figure 2-20). Assume that the rail and wheel are in 
such close contact that they are at the same temperature within the contact patch, the heat 
generated from the sliding wheel will be transfer to the rail surface where each point on 
the rail will be briefly heated to the same temperature as the wheel. Once the hot wheel 
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moves away, the rail will then rapidly cool (heat dissipates along the length of the rail). 
The rail will be heated over a very shallow depth which serves as the perfect situation for 
forming a white etching layer on the rail. The depth of metallurgical transform region will 
depend on the sliding speed. 
2.2.3.3 Effect of heat input 
Despite the fact that excessive heat input could result in the formation of metallurgical 
transform layer on the rail surface, heat input generated from slippage effect could also 
lead to the formation of thermal or traction defects such as wheel burn defects and squat 
defects. This type of defects could result in spalling of the rail surface and also could 
result in rail fracture if the defect grows transversely into the rail material. Furthermore, 
the presence of this type of defect could block the signal of an ultrasonic wave during 
inspection that could prevent the detection of any subsurface defect that might present in 
the railhead. 
A numerical method was developed by Fletcher [53] to investigate the effect of heat input 
on an embedded crack under combined thermal and contact loading. This investigation 
suggests that a crack opening stress is generated near the crack tip region under combined 
thermal and contact loading, yet these stresses were not present in the absence of thermal 
effects. It was concluded that the heat input provides crack opening effect which is similar 
to the crack opening effect of trapped fluid [54] in surface breaking crack. 
In addition, Seo [46] has performed a numerical analysis to investigate the stresses and 
strains generated by the WEL that originates from heat input of sliding friction. The 
results demonstrate that the formation of the WEL due to heat input will encourage 
initiation of crack at the edge of WEL. Similar observation was also reported in [55] 
where significant residual tension was developed at WEL edges as a result of differential 
expansion. This suggests that heat input will result in the thermal transformation of the 
rail surface which in turn would be a potential site for a defect such as crack to develop. 
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2.3 Rolling contact fatigue 
Over the last forty years, rolling contact fatigue (RCF) remains one of the major problems 
in the U.K. rail industry with the cost of their removal results in higher maintenance cost. 
Since the Hatfield derailment caused by rail fracture associated with RCF defects [56], 
RCF has become the subject of interest by many researchers. This includes investigations 
on growth mechanisms from a material aspect [57], control measures [58], failure 
prediction [59], and failure prevention [19]. In the railway context, the term rolling 
contact fatigue (RCF) is used to describe the development of cracks generated on both 
the wheel and the rail as a result of repeated high contact stresses. 
 Rail rolling contact fatigue defects  
The presence of different contact forces such as compressive forces, shear forces, and 
lateral forces transmitted by the wheel to the rail, have major influences on the initiation 
location and growth direction of RCF defects. Defects may occur on the rail surface or 
within the subsurface where they take millions of wheel passes to grow. The type of RCF 
defects that attract major attention for removal include head checking, tache oval, and 
squats [60] and these defects can be found in almost all major line across the globe.  
2.3.1.1 Head checks 
Head checks can be described as a group of fine surface cracks that generally occur close 
to the rail crown. This group of cracks can also develop at the gauge corner especially in 
high rails with a tight curve radius. The term gauge corner cracks are used when they 
appear at the gauge corner instead of the rail crown. These fine and small cracks can 
develop into different type of shapes (nearly straight, V-Shape, C-shape) and are almost 
parallel to each other with a typical distance of 2-3 mm between cracks (Figure 2-21) 
[61]. In the earliest stage of development, head checks are hard to see due to their fine 
size but as they continue to develop, their appearances are more obvious due to shadows 
from slight surface depressions around them.  
The formation of head checks on the rail surface could lead to complete rail failure since 
they grow down with a shallow angle below the rail surface where the crack might branch 
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towards the rail surface (resulting in spalling), or in a worst case, they might branch 
transversely leading to rail breakage [62]. The development of head checks is normally 
associated with higher contact stresses (as a result of small contact region such as at the 
gauge corner contact) and higher creepages (continuous slight slippage) that are closely 
related to friction. Eadie et al. [63] suggested that development of surface cracks such as 
head checks can be controlled/reduced by reducing the friction coefficient at the wheel-
rail contact with the application of friction modifier. At the present moment, two common 
practice have been employed for removal of head checks which involve preventive 
grinding maintenance (for a crack size up to 15 mm) and rail replacement (crack size 
above 15 mm) [61]. 
2.3.1.2 Tache Oval 
Tache Oval or sometimes known as kidney shape cracks are a type of internal defects that 
initiate about 7 mm below the rail surface [64] which develop mainly downwards in the 
rolling direction. As the name suggests, the cracks have a form of kidney shape (Figure 
2-22) with some grainy, granular material between the rail surface and the shiny face of 
the fatigue crack [65]. This type of defects generally initiates due to manufacturing 
defects that lead to pre-existing flaws such as hydrogen shatter cracks/cavities [66] and 
also with the presence of internal impurities in the rail material such as MnS inclusions 
that originate as a result of improper control during steel refinement process [67]. 
Furthermore, they can also occur from free manufacturing defect material where they 
could form in welds due to poor welding practice [68].  
Tache Oval are of particular concern since it could not be detected by the naked eye 
(subsurface defect) and requires non-destructive technique such as ultrasonic inspection 
to detect its presence. In order to control the formation of tache oval, an improvement on 
the steelmaking process (vacuum degassing process) have greatly reduced hydrogen 
content in the rail steel which greatly reduces the occurrence of this defect type. Care 
must also be taken during the welding process such as preventing water entrapment in 
rails so that presence of excessive levels of hydrogen in the material could be reduced 
[21]. 
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2.3.1.3 Squats 
Squats was the first type of RCF defects that was recognized in the U.K. [61]. The term 
squat was given due to the indentation of two lobes with similar size (Figure 2-23) where 
“it looks as though a very heavy gnome has sat or squatted on the running band of the 
rail” [3]. This type of defects was first discovered in the 1960s in Japan which they were 
described as “black spots” and a similar observation was reported later in the U.K. around 
1970s [69]. They generally initiated at the surface or near the surface of the rail [70] that 
takes place in either tangent or large curve radius track [71].  
Squats normally categorized into three classes which known as light (class A), moderate 
(class B), and severe (class C). Field observations have shown that squats appeared on 
most type of tracks and lines including passenger lines, freight lines, high speed lines, and 
metro lines [72]. Currently, squat has become a major problem in railway network 
worldwide. From the viewpoint of railway infrastructure managers, squats will lead to 
accelerated rail deterioration, track deterioration owing to high frequency dynamic forces, 
wheel–rail impact noise, which will all results in an increase of track maintenance cost 
[73]. For preventive maintenance there exist only two solutions either by preventive 
grinding mechanism or by costly rail renewal [74]. 
The focus on squats research was mainly on the metallurgical investigation, crack growth, 
and also on preventive maintenance. Early records by British researchers described squats 
as surface initiated cracks that grew into the rail material under a shallow angle and 
normally branch downwards (Figure 2-24) which could lead to brittle fracture once they 
reach a critical size [75]. Similar defects known as “Shinkansen shelling” that appeared 
on the Japanese Shinkansen lines have been reported by Kondo [76] where he observed 
that the defects have an appearance of a dented black spot that formed on the rail surface 
with two types of cracks formation which were horizontal crack (develops at a depth of 
3-6 mm in traffic direction) and transverse type crack (grow into the material and has 
potential to cause rail breakage). The formation of squats is normally associated with 
local plastic deformation and accumulation of strain that occurs on the railhead surface 
under rolling-sliding contact [77]. However, a recent study by Steenbergen [78] revealed 
that squats could also develop either by brittle fracture of the white etching layer or 
delamination at the edge of the white etching layer. 
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Stress and crack growth analysis on shallow angle rolling contact fatigue crack which has 
a similar characteristic with squats crack was carried out by Bogdanski et al. [79], [80]. 
They revealed that by modelling squat as plane oblique semi-elliptical crack, the influence 
of various contact conditions on the values of stress intensity factor at the crack front can 
be determined. They conclude that mixed mode fatigue crack growth takes place when 
fluid entrapment mechanism is introduced. The effect of fluid entrapment mechanism was 
further analysed in [81] to identify the effect of fluid viscosity on the growth of RCF crack 
using numerical study where it was concluded that liquid with a higher viscosity will 
dominate the growth rate even though the differences were small. A study by Fletcher et 
al. [82] has confirmed that liquid was able to penetrate into the cracks under loading or 
unloading condition and the effect of the liquid entry leads to modification of crack face 
friction which accelerates shear mode growth.  
From the literature, two groups have worked on the squat problem where one group 
proposed that the mechanism for crack initiation comes from the detachment of the white 
etching layer [78] while the other group believed that plastic flow associated with high 
dynamic loads is accountable for crack initiation [83]. Even though disagreement exists 
particularly in the origination of squat defects, Grassie [3] conclude that squats initiated 
from severe shear deformation of the rail surface due to high traction forces. The Periodic 
spacing of squats defects might arise due to the presence of harder material between the 
wheel-rail surfaces that results in the indentation on the rail surface which serves as crack 
initiation point. Under the presence of fluid in the wheel-rail contact, the crack extends 
below the surface and might branch either towards the surface which leads to spalling or 
grow transversely leading to the formation of transverse defects. 
2.3.1.4 Squat type defect/studs 
In 2006, around 600 of rail defects that were mistaken as classical squats defects were 
identified lying on London Underground’s track in which around £6,000,000 was spent 
to eliminate them by re-railing the affected locations. These defects look exactly like 
squats at a single glance and the presence of subsurface damage which were considerably 
similar with classical squat was identified from ultrasonic scans.  Even though both 
defects look alike, a closer observation on their initiation spot highlighted differences. 
While classical squats defect typically initiate close to the gauge corner of the running 
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band (region B), these defects, on the other hand, initiate in or underneath the centre of 
the running band (region A) suggesting that different mechanisms might cause these two 
different defects to initiate at two different locations. Field observation (Figure 2-25) 
shows that this defect has an appearance of V-shaped surface-breaking crack (similar with 
classical squats defect) which take place in the centre of the running band. Gauge corner 
cracks were present near the location of the defects, however, there were no indication 
that the defects were connected with the surface cracks that appeared at the gauge corner 
(the way classical squats defect does). Since differences exist between these defects and 
classical squats defects, the term “studs” were proposed by Grassie et al. [84] as an 
alternate name for the squat type defects to clearly distinguish between studs (squat type 
defects) with classical squat defects.  
According to Grassie et al. [84], studs does not present in tunnels and largely appeared 
near the signal location in which a lot of braking and accelerating would be expected. 
Cross section of rail containing major defects suggests that subsurface cracks present with 
a very minimal plastic flow, which is evidently different from conventional rolling 
contact fatigue defects where they generally initiate under severely sheared deformed 
layer. No sign of corrosion on the crack faces was observed suggesting that liquid 
entrapment mechanism was not responsible for crack propagation. Patches of WEL were 
observed near stud defects with minimal plastic flow suggesting that excessive heat input 
instead of excessive shear mechanism [85] might be responsible for the formation of the 
metallurgical transformed layer. In their study, Grassie et al. concluded that stud defects 
were clearly not the conventional RCF defects and their initiation are associated with 
thermal input due to wheelslip event as a result of poor adhesion. However, their study is 
limited to a small number of railways and only focussed on field observations and 
metallurgical investigations.The early research on studs mainly focussed on providing 
understanding between the studs and classical squat defect [3], field observation, and 
metallurgical investigation [84]. Its possible mechanism under wheelslip event was 
investigated by Scott et al. [52] where they predict that even under a low speed running 
condition, temperature rise above eutectoid temperature is possible which would aid in 
the formation of WEL that is responsible for studs initiation. To study the effect of surface 
temperature on the growth of near surface short crack (such as observed with studs), 
Fletcher [53] observed that thermal load provide crack opening stress which is similar to 
the opening stressed from trapped fluid observed by Bower [54] even though the crack 
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analysed by Fletcher is located below the surface without any presence of fluid 
entrapment on the crack faces. This suggests that thermally initiated defect such as studs 
could develop under the influence of thermal load, supporting the hypothesis from 
Grassie [4] that studs possibly initiated from thermal events.  
The research on rail defects conducted by both British [84] and Australian [86]  
researchers clearly suggest that their research subject was not conventional RCF defects 
even though both defects (studs and squats) look alike. In fact, studs are more benign than 
classical squats since no records of broken rail associated with transverse defects were 
reported. However, studs is still a potential risk since its development could mask the 
presence of transverse defect if they appear near to each other [4]. Evidence exists that 
studs commonly appear in the head hardened rail than the standard carbon rail [87]. This 
suggests that wear phenomena that happened on the softer rail might be beneficial to 
reduce the initiation of stud defects. Hence, preventative grinding maintenance should be 
scheduled properly especially on harder rails that are affected by studs defects.  
 Rolling contact fatigue crack initiation 
A crack that has just initiated in a rail is hard to detect by eye even with non-destructive 
testing (NDT) method such as ultrasonic testing since the available inspection equipment 
can only detect a crack with a minimum size of 1.5 mm [88]. In the context of the railway, 
the rail is subjected to repeated loading as a result of repeated passing wheel. This 
repeated loading will induced stresses within the material that will drive the initiation of 
a crack. The Shakedown Theory [89] is commonly used in the rail industry to represent 
the response of material under repeated loading. This theory also describes how the 
wheel-rail contact operates above its yield point without accumulation of plastic damage. 
In the context of wheel-rail contact, the response of material under repeated loading [90] 
can be categorized into four cases (Figure 2-26). For the first case (Figure 2-26a): if the 
repeated stress transmitted by the wheel is below the elastic limit of the rail material, there 
will be no permanent deformation as the wheel moves away. If a failure occurs, generally 
the rail material will fail by high-cycle fatigue. For the second case (Figure 2-26b): if the 
wheel-rail contact pressure exceeds the elastic limit but still below the elastic shakedown 
limit, initial plastic flow will occur resulting in the development of protective residual 
stresses that will reduce the amount of plastic flow in subsequent wheel passes. This 
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phenomenon describes the strain hardening process that occurs on pearlite rail in which 
during the first cycle of wheel passes, the load will be supported elastically due to changes 
in the material structure as a result of plastic flow. For the third case (Figure 2-26c): if the 
stress cycle exceeds the elastic shakedown limit but below the plastic shakedown limit, 
plastic flow will occur with each wheel passes that could results failure under low cyclic 
fatigue. For the final case (Figure 2-26d): for the case where the contact load is relatively 
high (exceeding the plastic shakedown limit), permanent plastic deformation will develop 
for each wheel passes leading to incremental plastic collapse or plastic ratchetting. The 
material’s ductility will become exhausted which will lead to crack initiation. 
Under wheel-rail contact, cracks can initiate either at the surface or below the surface of 
a rail. In the absence of thermal damage, the surface crack generally originates from 
plastic flow at the surface of the rail due to ratchetting process that happens when the 
contact stresses exceed the elastic shakedown limit. The surface material will become 
extruded and delaminates with each wheel passes which will results in crack initiation at 
the surface of the rail. On the other hand, subsurface cracks generally initiate due to the 
presence of inclusions (hard carbide inclusions) in the material as a result of poor rail 
manufacturing process. The inclusion generally de-bond from its matrix phase under 
repeated stress cycle, generating stress concentrator that will result in the formation of a 
subsurface crack.  
 Crack propagation  
After initiation of defect, the wheel loads in railways are typically so high that defect will 
usually go on to grow (modelled in Chapter 4 and 5). In a wheel-rail contact, compressive 
forces are being transmitted by the wheel to the rail which will result in propagation of 
the crack. Even though it is thought that compressive forces generally will close the cracks 
and prevent them from growing, certain mechanisms that will lead to crack propagation 
can occur under compressive forces. The mechanisms that dominate the growth of RCF 
crack can be categorized into three different phases (phase I, II, and III) where a different 
growth mechanism dominates each phase (Figure 2-27). Phase 1 represents the early 
growth of RCF crack in a rail where the crack grows up to a size of hundred microns. The 
mechanism that mainly dominates this phase is the ratchetting process that develops 
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defects in the heavily deformed material near the surface layer. Generally, the depth of 
the deformed layer corresponds to the length of the crack [91].  
In a wheel-rail contact, fluid is generally present in a form of water (from rain) or lubricant 
such as flange lubricant. Even though lubricant is needed in certain conditions such as to 
reduce wear, the presence of fluid/lubricant also plays a major role in the growth of the 
crack in phase 2. Way [92] discovered that when fluid is trapped within the crack faces, 
the crack will propagate due to hydraulic pressurization as a result of pressure induce by 
the contact. The role of fluid in the growth of a crack is further studied by Bower [54] and 
Bogdanski [93] in which four mechanisms of fluid assisted growth can be considered: 
 Shear driven crack growth (Figure 2-28a): Sliding between cracks faces generally 
occur as the compressive wheel approaches the crack. With the presence of fluid, 
friction between the crack faces will be reduced and the crack faces can slide more 
easily resulting in growth acceleration.  
 
 Hydraulic pressure transmission (Figure 2-28b): The passing load force the fluid 
into the crack which provides a way for a tensile crack opening stress to take place 
even though the crack is loaded under compressive wheel force. As the wheel 
passes, fluid might squeeze out and might be trapped again with subsequent wheel 
passes. 
 
 Fluid entrapment (Figure 2-28c): Fluid can become trapped and remain in the 
crack as the wheel contact closes the crack mouth. The trapped fluid will be 
pressurized with subsequent wheel passes generating tensile stress at the crack tip 
which will advance the growth of the crack. 
 
 Squeeze film fluid action (Figure 2-28d): This mechanism originally developed 
to predict pressure as a result of repeated action of fluid entering and squeezing 
out from a gap (such as knee joints). As the fluid enters a gap and contact load 
from the wheel is applied, high pressure will be generated at the crack tip due to 
the fluid being compressed by the motion of crack faces. High pressure can still 
generate even if the crack is not sealed. 
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Rails can bend and twist under the action of multiple wheels and bogies. These stresses 
can drive large cracks to cause rapid failure. In phase 3, the crack is generally long with 
a size above 20 mm in length where individual wheel (contact stresses) have less 
influence on such long cracks. The mechanism of crack propagation in phase 3 is 
generally dominated by bending stress which will result in crack branching and rapid 
failure. 
2.4 Wear 
Wear can be categorized as progressive damage that involves displacement or material 
loss from a contacting surface as a result of relative motion. In the context of wheel-rail 
contact, wear happens due to the interaction between the wheel and the rail which 
involves rolling and sliding. There are several factors that affect the wear phenomena in 
both the wheel and the rail such as contact conditions, environmental conditions, and the 
presence of contaminants between the contacting surfaces. Wear is quantified in terms of 
volume of material lost (mm3) per unit sliding distance (m). In the rail-wheel context, the 
main concern of wear lies on how much material is lost from the rail or wheel cross-
section. Several mechanisms of wear can occur at the wheel-rail interface such as 
adhesive wear, fatigue wear, abrasive wear, oxidative wear, and delamination wear [94].   
 Wear mechanisms 
Adhesive wear happens when two bodies with rough surfaces are in contact and slide 
against each other. Initially, these bodies will touch at a few irregular points. Local contact 
pressure at those points will become extremely high as compressive load is applied 
resulting in plastic deformation that will adhere them together. When the surfaces move, 
material from the softer surface will detach and adhere to the harder surface. This is often 
a problem in the wheel-rail contact since the surfaces of the wheel and the rail in service 
are not perfectly smooth which will result in adhesive wear. 
Abrasive wear occurs when a harder particles are present at the interface between two 
sliding surfaces. The presence of these harder particles will abrade the softer surface 
leaving a groove along the sliding length. This phenomenon is quite common in wheel-
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rail contact since contaminants such as dirt, rocks, and sand are normally present at the 
wheel-rail interface. 
Fatigue wear takes place when the surface is subjected to repeated contact loading. In the 
wheel-rail contact, degradation happens once particle spall away from either the wheel or 
the rail surfaces typically at a high number of cycle. Further deterioration might occurs 
rapidly following initial degradation. Normally, the wear particle produced by this 
mechanism are very much larger compared to abrasive and adhesive wear. 
Oxidative wear occurs when debris layer of oxide particle is removed from a material 
surface due to sliding action of two bodies. Regeneration of oxide growth occurs rapidly 
on the rail surface after existing oxide layer is removed. The formation of oxide layer will 
inhibit metal to metal contact that could lead to low adhesion in the wheel-rail contact. 
Under repeated sliding contact, subsurface plastic deformation accumulates which leads 
to the formation of cracks that initiate as ductility is exhausted. Further loading will cause 
the cracks to propagate and finally shear to the surface. Delamination wear happens when 
the surface of a material is damaged and then splits into thin layers resulting in loss of 
materials [95].  
 Wear regimes 
In order to describe the severity of wear in a wheel-rail contact, two approaches can be 
used to model the wear process which is the Archard’s Theory and also Tgamma (Tγ) 
wear number. Both methods require formulation of wear coefficients that could be 
determined from rolling and sliding wear experiments such as the Twin Disc machine. 
According to Archard [96], the severity of wear can be mapped by plotting the wear rates 
over the sliding distance against normal load (Figure 2-29) where the wear rate, W, 
depends on the normal load applied to the contact, N, wear coefficient, k, sliding distance, 
l, and material hardness, H given by  
𝑊 = 𝑘
𝑁𝑙
𝐻
            (2.16) 
According to Bolton [97], the wear rate (material lost) is proportional to the energy 
dissipated at the wheel-rail contact zone given by 
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𝑊 = 𝑇𝛾          (2.17) 
Where W is Wear Number, T is the tangential force, and γ is the percentage difference 
between the speed of the wheel relative to the rail surface (creep). To identify the wear 
regimes, the wear data can be mapped by plotting the wear rate (mass loss per meter rolled 
of the wheel divide by the contact area, µg/m/mm2) against the wear number over the 
contact area (Tγ/A). Using the data produced by Bolton [97], Lewis and Olofsson [98] 
have plotted the wear data (Figure 2-30) to identify the wear regimes under rolling/sliding 
contact between different wheel and rail material. Three wear regimes have been 
identified from the twin disc test which was referred as mild, severe, and catastrophic. 
Mild wear usually takes place under low creep (below 2%) resulting in a smooth surface 
that is generally smoother than the original surface. The wear debris produced is 
particularly small with a diameter around 0.1 µm [99]. Evidence of oxide particles from 
surface examination suggests that oxidative wear mechanism is the dominant mechanism 
during mild wear. In the wheel-rail contact, mild wear takes place at the rail head, in the 
region of wheel-tread rail contact. 
Severe wear happens under medium creep (below 10%) resulting in a rough surface that 
is generally rougher than the original surface, forming ripple like surface topography. The 
wear debris produced is particularly larger than mild wear debris with a diameter around 
10 µm. Analysis of wear particles revealed that adhesion wear mechanism might be 
responsible for causing debris particle adhere to the rolling surfaces. Severe wear that 
happens on the rail usually occurs at the flange-gauge corner contact. 
Catastrophic wear generally occurs under high creep (above 10%) resulting in a massive 
increase in the wear rates as compared to the other wear regimes. Metallography analysis 
(Figure 2-31) suggest that huge amount of material have been scooped out under 
catastrophic wear regime. Cracks can develop at the surface and grow parallel to the 
deformation leading to severe delamination. 
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 Wear – Rolling Contact Fatigue interaction 
During each wheel-rail contact, both wear phenomena and crack initiation/propagation 
happen at the same time. Wear is not necessarily a bad thing as it can remove material 
from the surface that may contain small cracks, and also reduce the growth of larger 
cracks. Reducing the wear rate will results in the development of RCF cracks, therefore, 
both natural and artificial wear (grinding) play a major role in the development of RCF 
damage.  
When the wear rate exceeds the crack tip advance rate, the surface of the rail will be worn 
faster compared to the propagation of the crack, thus resulting in a net shortening of the 
crack for each wheel pass. When the wear rate is lower than the crack propagation rate, 
the crack will grow faster compared to the rate of the worn surface in which the crack 
will further develop resulting in fatigue failures. A schematic of wear process and 
development of surface breaking crack that happened at the same time is shown in Figure 
2-32. For each wheel pass, the crack tip advances into the rail by a small distance (da) 
and at the same time, wear of the rail surface truncates the top of the crack over a small 
length (dw). The net crack growth rate (danet) can be estimated by subtracting the crack 
tip advance rate (da) with the wear rate (dw) given by: 
 𝑑𝑎𝑛𝑒𝑡 = 𝑑𝑎 − 𝑑𝑤          (2.18)  
Where the wear rate (dw) is given by:  
𝑑𝑤 =
𝑑
sin 𝜃
            (2.19)  
Where d is the wear depth and ϴ is the angle of the crack. 
The interaction between wear and RCF in rails have been studied by some researcher 
focusing on rolling sliding contact equipment. Fletcher [100] carried out a test to 
investigate whether RCF cracks would still develop under prolong unlubricated contact 
in which he observed that RCF will dominate until approximately 10,000 cycles before 
equilibrium between crack growth and wear rate can be achieved. Donzella [101] on the 
other hand study the competitive role between wear and RCF crack in R900A rail steel 
using rolling sliding test machine. He observed that under pure rolling contact, RCF will 
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predominate due to less material surface being removed under pure rolling. However, 
wear will dominate under rolling-sliding contact due to high material being removed from 
the surface that eliminates surface micro cracks. 
2.5 Fracture mechanics 
Even though many components are generally designed to be in service for an infinite life, 
there were still many tragic incidents reported that involve loss of life as a result of 
material failure. For instance, the Comet jetliners disintegrated in flight killing dozens of 
people in 1954 [102], the Union Oil Amine pressure vessel ruptured and exploded in 1984 
killing seventeen people [103], the derailment of German Inter City Express in 1998 
killing hundreds of people [104], in which all of these incidents happened due to material 
fracture caused by development of cracks in the material. 
The theory of linear elastic fracture mechanics (LEFM) was established which provides 
a method to predict failure of materials due to the development of crack (fracture). The 
birth of LEFM theory started with the early work of Griffith [105] based on the forces 
between atoms in which he managed to explain why the observed strength of a material 
is considerably less than the theoretical strength. Griffith concluded that ‘real’ material 
must contain a small defect, and the strength of a material will be reduced when defects 
and crack exist in the material. 
The presence of cracks will generate stress concentration as would exist for a general 
elliptic defect. As the minor axis of an elliptical defect approaching zero, the elliptical 
defect will become a crack. However, the stress at the crack tip will become infinity 
(based on elliptical defect stress concentration factor) which suggest that a material with 
a crack would not be able to withstand any applied forces and this theory can only be 
applied for brittle materials. Based on the original concept of Griffith, Irwin [106] 
suggested that plasticity is necessary for fracture of ductile materials such as metals. With 
some refinement of Griffith approach, LEFM has developed as an analytical approach to 
describe fracture in a material. The material fatigue and fracture properties can be 
represented in terms of a single parameter, either by energy or by stress intensity factor 
[107].  
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 Stress Intensity Factor 
Stress intensity factor, K can be described as failure criteria of a material due to fracture. 
It is generally used to predict the stress state around the crack front as a result of remote 
load or contact stresses. For central crack in an infinite plate (Figure 2-33), the elastic 
stress distribution near the crack tip are given by 
𝜎𝑥 =
𝐾
(2𝜋𝑟)
1
2
cos (
𝜃
2
) {1 − sin (
𝜃
2
) sin (
3𝜃
2
)}        (2.20)  
𝜎𝑦 =
𝐾
(2𝜋𝑟)
1
2
cos (
𝜃
2
) {1 + sin (
𝜃
2
) sin (
3𝜃
2
)}         (2.21)  
𝜏𝑥𝑦 =
𝐾
(2𝜋𝑟)
1
2
sin (
𝜃
2
) cos (
𝜃
2
) cos (
3𝜃
2
)           (2.22)  
Where r is the distance from the crack tip and ϴ is the angle from the reference axis 
(Figure 2-33). The stress intensity factor, K, is proportional to (πa)1/2 where a is the half 
length of the crack. The relationship is given by 
𝐾 = 𝜎(𝜋𝑎)
1
2                  (2.23)  
Note that the above equation can only be applied for the case of central crack in an infinite 
plate. Different crack geometry and configuration (single edge crack, elliptical surface 
crack, infinite plate, finite plate) would have a different form of stress intensity factor 
[108]. Therefore the stress intensity factor is usually expressed in a more general form 
given by the following equation where Y is the geometry factor 
𝐾 = 𝑌𝜎(𝜋𝑎)
1
2                 (2.24)  
The stress intensity factor is generally referred as KI, KII, and KIII where the subscript 
represents modes of failure that cause the crack to deform and propagate. There are three 
types of mode (Figure 2-34) that could cause the crack to deform known as: 
 Opening / tensile mode (mode I) - crack faces move directly apart due to direction 
of  stress that acts normal to the plane of the crack  
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 Shearing/slide mode (mode II) - crack faces slide over against each other due to 
direction of stress that acts perpendicular to the crack tip   
 Tearing mode (mode III) – crack faces move relative to one another due to 
direction of stress that acts parallel to the crack tip  
2.5.1.1 Method for stress intensity factor calculation 
The stress field generated below a typical wheel-rail contact is extremely complex since 
it involves many components of stresses that act in a different direction. Thus, predicting 
stress intensity factors (SIF) from scratch for particular loading conditions are often 
difficult since there might be a combination of different failure mode (mode I, II, and III) 
known as mixed mode that contributes to the deformation of the crack. For a range of 
common crack configurations, standard solutions are available where the value of the SIF 
can be acquired by inputting the applied load and crack size in a certain chart, equation 
or table [109]. For complex crack configurations, several numerical methods exist to 
predict SIF such as body force method, finite element analysis, and boundary element 
modelling. 
2.5.1.1.1 Body force method 
In 1968, the body force method (BFM) was first introduced by Nisitani [110] to quantify 
stress concentration factors of notches and SIF for cracks in linear elastic problem. It was 
developed based on the principle of superposition where point forces were superposed 
and transmitted along an imaginary boundary to satisfy the boundary condition. The 
mechanism responsible for the growth of an inclined surface under the effect of fluid 
pressurization were investigated by Kaneta et al. [111] where the BFM was applied to 
obtain the stress intensity factor. He assumed that the fluid pressure at the crack mouth 
being equal to the contact pressure and decrease linearly falling to zero at the crack tip. 
The prediction of the stress intensity factor has resulted in an exceedance on the shear 
mode threshold value for a small crack size in which he concluded that the opening / 
tensile mode is unlikely to happen and crack will develop under the effect of shear mode 
growth.  
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2.5.1.1.2 Finite element method 
Finite element method (FEM) is among the most common numerical analysis techniques 
used for engineering practices. The basic principle in FEM is the process of 
discretization/meshing where the object of interest (model) is divided into smaller regions 
(elements and nodes) and a set of equation that describe the model is selected and solved. 
This method is useful to solve the problem of complex geometries and loadings such as 
crack propagation across deformed microstructure in which analytical solutions are hard 
to obtain.  
Prediction of stress intensity factor using the FEM has been applied widely by many 
researchers especially to study crack propagation in rail. This includes the work by 
Bogdanski et al. [112] where they analysed the growth of squat defect under the effect of 
practical loading condition that exists in the wheel-rail contact such as bending, residual, 
and thermal stresses. The defect was represented as semi elliptical crack using three 
dimensional FEM where two sizes of defect (small and large) were considered. Based on 
the calculation of the SIF, they concluded that crack propagation is mainly dominated by 
mode II (shear) mechanism. Even though the range for mode I SIF increases with 
increasing crack size, the value is still low compared to the mode I threshold value 
suggesting that crack propagation under the opening/tensile mode does not present. It was 
also observed that the presence of stresses resulted from thermal, residual, and bending 
has very minimal effect on the range of SIF value. 
Farjoo et al. [113] have performed an investigation on the effect of bending stress on 
squat crack propagation by using FEM. Their work was motivated by a study by Kerr et 
al. [114] where it was reported from field observation that squat developed widely on a 
rail supported under elastic foundation (timber sleepers) compared to a solid foundation 
(concrete sleepers). By considering two values of bending stresses (calculated with lower 
and higher stiffness) in their model, Farjoo et al. [113] concluded that the SIF range of a 
crack that formed under elastic foundation is extremely high compared to the solid 
foundation in which they suggested that consideration of bending stresses in the boundary 
condition of squat defect modelling is as important as fluid entrapment condition 
proposed by Bogdanski [115]. 
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2.5.1.1.3 Boundary element method  
Boundary element method (BEM) is a numerical method that solves partial differential 
equation of a domain/boundary where the material properties and boundary condition of 
the model were fitted into a system of boundary integral equations. This method is quite 
similar to the FEM where the geometry of a model is represented by meshing process 
(divided into elements and nodes). However, the difference lies in terms of solution 
process where in FEM, the entire domain is calculated for solution whereas, for BEM, 
only the boundary of the mesh is solved. In the application of crack growth analysis, the 
mesh is required to be extremely fine when using FEM to capture the high stress gradients 
ahead of the crack tip whereas, for BEM; only the interest regions (crack) need to have 
finer mesh while the other region can be mesh coarsely. This is a particular advantage 
especially for crack growth prediction in rails whereby numerous researcher has 
successfully produce crack growth prediction model using BEM techniques. 
In railway studies, Akama and Mori [116] developed a two dimensional boundary 
element model to investigate the change of SIF at the crack tip of an inclined surface 
crack loaded under a moving Hertzian contact. In their model, they consider the presence 
of fluid which penetrates through the crack mouth resulting in a reduction of crack face 
friction which is similar to the model developed by Bower [54]. Based on the prediction 
of SIF, both mode I and mode II SIF results show very good agreement with findings in 
[54]. 
Fletcher et al. [117] also utilized the BEM technique to investigate the growth of surface 
breaking crack where the 3D model of a rail with actual geometry was developed instead 
of half assumptions model. Their model was based on mode II growth mechanism, 
controlled by variation of friction coefficient between the crack faces without considering 
fluid pressurization mechanism since previous investigations [118] suggested that 
presence of fluid reduced the friction coefficient between the crack faces that drive crack 
growth through mode II mechanism rather than by fluid pressurization mechanism. Their 
results (based on prediction of SIF) show good correlation with findings by Kaneta et al. 
[111] especially in determining peak shear SIF under different value of surface traction. 
Based on their results, they concluded that the growth rate for an inclined surface crack 
is inversely proportional to the coefficient of friction between the crack faces. 
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In a recent investigation, Fletcher [53] developed a two dimensional model based on BEM 
approach to investigate the effect of heat input on an embedded crack loaded under 
combined thermal and contact loading. He considered three different cases of thermal 
load which includes no thermal load (20°C), intermediate thermal load (500°C), and 
severe thermal load (1000°C). Based on his prediction of the SIF at the crack tip, he 
discovered that crack will develop under intermediate (500°C) and severe (1000°C) 
thermal load. He concluded that the intermediate and severe thermal load provide crack 
opening stress which is similar to the opening stressed from trapped fluid observed by 
Bower [54] in which this opening stress will help to unleash shear mode mechanism that 
will drive the crack to grow. 
Technically, BEM is a lot faster and simpler to use compared to FEM, but it has some 
limitation whereby plasticity could not be modelled within BEM. However, BEM is very 
good for crack modelling because the stress field ahead of the crack is internal to the body 
so there is no need to model the whole body. Even though BFM has been primarily used 
by a particular group in Japan, but the math of it is not likely disseminated. Therefore 
BEM has been chosen as the primary method in this study to model and predicts crack 
growth since plasticity is not the main focus of the work.  
 Crack growth law 
In a wheel-rail contact, crack growth in mode I can happen either by fluid pressurization, 
bending stresses, or by thermal stresses whereas shear mode (mode II) crack growth will 
follow as the wheel pass over the crack tip causing the crack faces to slide over each other. 
Due to the fact that mixed mode occurs in a wheel-rail contact, developing a crack growth 
law based on conventional compact test specimen [119] which involve cyclic loading of 
push-pull action (Figure 2-35) would be deficient to describe crack growth in rail.  
Crack growth law that represents a combination of mixed mode mechanism has been 
developed by Wong et al. [120] by conducting a series of tests using cruciform fatigue 
specimen. The crack growth law was developed specifically for normal grade rail steel 
where the cruciform specimen was machined from a BS11 rail steel. Two growth laws 
were developed where each law is governed by different principal fatigue mechanism. If 
the principle fatigue mechanism is the mode I (upper bound) in nature, the growth law 
was given by: 
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𝑑𝑎
𝑑𝑁
= 0.000507 (∆𝐾𝑒𝑞
3.74 − 43.74)           (2.25) 
Where  Keq is the equivalent SIF given by 
∆𝐾𝑒𝑞 = √∆𝐾1
2 + ∆𝐾2
2             (2.26) 
If the principle fatigue mechanism is mode II (lower bound) in nature [80], the growth 
law was given by: 
𝑑𝑎
𝑑𝑁
= 0.000614 (∆𝐾𝑒𝑞
3.21 − 43.21)           (2.27) 
Where da/dN is the growth rate given by nm/cycle, while the range of mode I and II stress 
intensity factor ΔKI and ΔKII are in MPa.m0.5. 
The significance of the SIF predictions for fatigue crack growth can be judged by 
comparing the predicted SIF with the fatigue threshold ranges of tensile (ΔKσth) and shear 
(ΔKτth) mode growth. To predict crack growth under fatigue in rail during the passage of 
a wheel contact, either the tensile mode stress intensity ΔKσ should exceed the tensile 
mode threshold value ΔKσth, or the shear mode stress intensity ΔKτ should exceed the 
shear mode threshold value ΔKτth. For a mixed mode case where both mode I and mode 
II stresses present, Otsuka et al. [121] discovered that a crack is more likely to grow by a 
tensile mechanism in preference to a shear mechanism since tensile growth tends to be 
faster.  It was stated that for low carbon steel, the threshold stress intensity factor value 
for tensile and shear modes crack growth was ΔKσth = 6 MPa.m0.5 and ΔKτth = 1.5 
MPa.m0.5 respectively. 
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2.6 Tables and figures 
Table 2-1 Coefficients for Hertzian Theory [122]. 
ϴ 30 35 40 45 50 55 60 65 70 75 80 85 90 
m 2.73 2.39 2.13 1.92 1.75 1.61 1.48 1.37 1.28 1.20 1.12 1.06 1.00 
n 0.49 0.53 0.56 0.60 0.64 0.67 0.71 0.75 0.80 0.84 0.89 0.94 1.00 
 
 
 
Table 2-2 friction data measured under a wide range of condition  [34]. 
Condition of rail surface  Adhesion coefficient 
Dry rail (clean)  0.25-0.30 
Dry rail (with sand)  0.25-0.33 
Wet rail (clean)  0.18-0.20 
Wet rail (with sand)  0.22-0.25 
Greasy rail  0.15-0.18 
Moisture on rail  0.09-0.15 
Light snow on rail  0.10 
Light snow on rail (sand)  0.15 
Wet leaves on rail  0.07 
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Figure 2-1 Paved track/ruts that guide the wheel so that the vehicle will remain on the track near Corinth, Greece 
[123]. 
 
 
Figure 2-2 Edge rail [124]. 
 
 
Figure 2-3 Cross section of flat bottom rail [125]. 
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Figure 2-4 Rail manufacturing process [126]. 
 
Figure 2-5 Sketch of pearlite microstructure 
 
 
Figure 2-6 Pearlite lamellae structure for different rail grade. Left to right: R220, R260, R350 HT [127]. 
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Figure 2-7 Time transformation temperature (TTT) diagram for eutectoid steel 
 
Figure 2-8 Wheel-rail contact regions 
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Figure 2-9 Contact Pressure Maps for a load of: 80 kN (a) Ultrasonic Measurement; (b) Hertzian; (c) Elastic Model; 
(d) Elastic-Plastic Model [24]. 
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Figure 2-10 Comparison, with respect to maximum contact pressure and the contact area, between FEM, Contact, 
and Hertzian analysis [26]. 
 
 
Figure 2-11 Contact of two curved body 
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Figure 2-12 Hertzian elliptical pressure distribution formed by the contact of two curved bodies [128]. 
 
 
Figure 2-13 Contact between two curvature bodies with different radius [129] 
 
 
 
Figure 2-14 Representation of a simplified 2D wheel-rail contact 
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Figure 2-15 Contours of maximum shear stress below a sliding Hertzian contact. Traction is from left to right. 
Contour values represent friction coefficent [32]. 
 
 
Figure 2-16 Typical creep curve under dry contact condition. Adapted from [99]. 
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Figure 2-17 Typical creep curve displaying ideal operational conditions [130] 
 
 
Figure 2-18 Continuous-cooling transformation diagram for a eutectoid iron–carbon alloy and superimposed cooling 
curves, demonstrating the dependence of the final microstructure on the transformations that occur during cooling 
[49]. 
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Figure 2-19 Continuous-cooling transformation diagram for an alloy steel (type 4340) and several superimposed 
cooling curves demonstrating the dependence of the final microstructure of this alloy on the transformations that 
occur during cooling [131]. 
 
 
Figure 2-20 Flash heat of the rail surface due to sliding wheel. 
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Figure 2-21 Typical appearances of head checks cracks [70] 
 
 
Figure 2-22 Example of tache oval (kidney shape crack) appearance that initiates in the subsurface region of the 
railhead [67]. 
 
 
 
Figure 2-23 Squat appearance on rail [3] 
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Figure 2-24 Longitudinal cross section of rail suffering from squats defect reveal that one of the crack branches grew 
in transverse direction [132]. 
 
 
Figure 2-25 ‘Studs’ defect appearance on rails. Arrows superposed on photos point to the apex of the ‘V’ shaped 
crack [84] 
 
 
Figure 2-26 Material response to cyclic loading. (a) elastic (b) above the elastic limit, but below the shakedown limit 
(c) above the elastic shakedown limit, but below the plastic shakedown limit (d) above the plastic shakedown limit. 
Adapted from  [90]. 
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Figure 2-27 Rail crack growth and phases [133]. 
 
 
Figure 2-28 Schematic growth mechanism for phase II crack propagation. (a) Shear driven crack growth. (b) 
Hydraulic pressure transmission. (c) Fluid entrapment. (d) Squeeze film fluid action. [91] 
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Figure 2-29 Wear map for brass and stellite pins rubbing on tool steel rings according to Archard Theory [96]. 
 
 
Figure 2-30 Wear regimes identified during twin disc testing of BS11 rail material vs. Class D tyre material [98]. 
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Figure 2-31 Optical micrograph of a longitudinal section through severe wear regime [97]. 
 
 
Figure 2-32 Schematic of wear process and development of surface breaking crack that happened at the same time. 
Net crack growth rate equals to crack tip advance rate (da) minus wear depth (dw) [91]. 
 
 
Figure 2-33 Distribution of stress near the crack tip of thin plate with an elliptical crack [108] 
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Figure 2-34 Fracture mechanics mode of failure. (a) Mode I – Opening mode. (b) Mode II – Shearing mode. (c) Mode 
III – Tearing mode. 
 
 
Figure 2-35 The conventional compact tension specimen [134]. 
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CHAPTER 3  
 
SQUAT TYPE DEFECTS: PHYSICAL 
EVIDENCE 
3.0   Introduction 
This chapter discusses several findings from an investigation of squat type defects in rails 
which involve visual observation and metallographical analysis that was undertaken in 
the preliminary stage of the research. The key features of the squat type defects that were 
reported elsewhere will also be discussed in this chapter to highlight the similarities 
between the author’s experience and those of others.  
3.1 Investigation of squat type defect in rail 
Following ultrasonic detection of a rail defect in 2013, a rail with an approximate length 
of 600 mm was removed from mixed traffic line in Switzerland. The defects occurred in 
the open where the nearest signal is at least 5 km from the location of the defects. 
According to the records of Swiss Federal Railways (SBB), the line carries vehicles with 
Thyrister-controlled (AC traction) at speeds between 120-200 km/h. The rail was installed 
in 2002 and was re-profiled twice in 2004 and 2005. Following its removal, the rail was 
brought to the University of Sheffield for further investigation in which the author 
performed a series of investigation that involved visual observations and metallographical 
analysis. The purpose of this investigation was to extract information on what caused the 
ultrasonic detection and examined any additional defects to understand the cause of the 
damage. 
3.1.1 Visual observation 
Closer observation in the area of the ultrasonically detected defect revealed that the main 
defect (with the widening of the running band) was adjacent to two other surface breaking 
cracks (with a spacing between 40-50 mm from the main defect). The defects were 
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referred to as defects A, B, and C which correspond to 195 mm, 245 mm and 285 mm 
respectively as shown in the scale of Figure 3-1. Pitting was observed scattered along the 
rail surface especially around the area where defects were located and multiple fine lateral 
cracks can be seen clearly on the gauge side of the running band. 
Looking at individual defects, Figure 3-2 shows the main defect (defect A) in detail. 
Crack mouths were present at two different locations, Point X (centre of defect A 
depression) and Point Y (close to gauge corner). Detail observation of defect B revealed 
the formation of surface depression which was longitudinally aligned with defect A and 
defect C (Figure 3-3). Several small surface indentations and distinct crack mouth were 
observed, contained within the shallow depression. Defect C is shown in detail (Figure 
3-4) where a surface ‘flap’ of material with pitting in the centre was formed on the rail 
surface. No surface depression was observed within defect C. From the observations, it 
was concluded at this point that the main defect (defect A) closely resembles a squat type 
defect due to the formation of surface depression, surface crack, and widening of the 
running band.  
A nital etch solution (2% nitric acid in ethanol) was applied on the rail surface to identify 
the formation of white etching layer (WEL) on the rail surface especially around the area 
where defects were located. Nital etch solution will cause the pearlitic rail steel to turn 
dark in colour, whereas martensite (WEL) shows as white under natural light. The 
application of nital on the rail surface revealed that most of the running band area 
remained shiny (Figure 3-5) suggesting the presence of WEL on the rail surface.  
3.1.2 Metallographic analysis 
Since all three defects (A-C) lie on a longitudinal plane throughout the rail and can be 
viewed on a single sample, the rail was sectioned longitudinally to examine its internal 
geometry. An electrical discharge machining (EDM) wire cut machine was used to 
section the rail longitudinally to avoid excessive material loss. The rail was then divided 
into 3 samples where each sample contained cracks in the longitudinal plane as shown in 
Figure 3-6. Sample B and C were sectioned laterally to get more accurate details of the 
geometry along the lateral plane, while sample A was broken open to reveal the crack 
faces inside the defect. This will not affect the existing crack because brittle fracture will 
occur once the sample was broken open and has a different texture with fatigue fracture 
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(existing crack). This was achieved by soaking Sample A in liquid nitrogen to make it 
brittle, followed by loading under a 3 point bend configuration.  All of the samples were 
ground, polished to a 1 micron diamond paste finish, and etched with 2% nital for 
microstructural analysis. The crack morphology of any cracks observed was mapped, and 
the microstructure was examined to look for plastic flow and martensite formation 
(indicated by white etching layer on the rail surface). 
The longitudinal cross sections revealed horizontal subsurface cracks with several 
branches on leading and trailing edge for sample A and B, while sample C contained two 
separate surface breaking cracks. Below the surface of the main defect (defect A), 
subsurface cracks of approximately 24 mm tip to tip with a maximum distance of 
approximately 4 mm from the rail surface were observed. The subsurface crack was 
initiated from a large void (2.9 mm long by 0.9 mm deep) that was located approximately 
2 mm below the rail surface (Figure 3-7). Etching all the polished samples revealed the 
microstructure of the pearlite steel where the presence of WEL with different length and 
thickness was observed to have formed on the rail surface. The location of WEL for each 
defect (A, B, and C) is shown in Figure 3-8 to Figure 3-10 represented by the white dash 
line in each figure. Figure 3-11 shows the thickest WEL formed on the surface of sample 
A. Based on the deformation of the pearlitic microstructure on the surface, very little 
plastic deformation was observed in the upper 5 µm of the rail for all of the samples. The 
minor distortion (Figure 3-12) is less severe than ratchetting strain accumulation 
mechanism that is responsible for initiation of RCF crack. Results from longitudinal 
metallographic analysis are summarized in Table 3-1. 
Lateral cross section of sample B (denoted by sample B2 in Figure 3-6) revealed 2 surface 
cracks as shown in Figure 3-13 and Figure 3-14, where the crack on the right hand side 
is connected with longitudinal crack in sample B.  In addition, a small surface crack can 
be seen near the gauge side (Figure 3-13) which is thought to be the gauge corner cracks 
(fine lateral cracks) that were scattered along the rail on the gauge face as described in 
Section 3.1.1. Several patches of white etching layer were observed lying on the gauge 
side and above the major surface cracks. For sample C (denoted by sample C2), no crack 
was observed that can be related to the two surface cracks that were observed from 
longitudinal cross section (sample C). Several patches of white etching layer have been 
spotted mostly around gauge side as shown in Figure 3-15.  
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Figure 3-16 shows sample A1 and A2 in which they were placed back together after been 
broken by 3 point bending test. It can be seen that fracture of sample A occurred along a 
path that connected the void, crack mouth X, crack mouth Y, and the subsurface crack of 
sample A. Several crack faces that could suggest crack growth striations can be seen lying 
underneath the broken surface as shown in Figure 3-17. However, there are too few for 
them to correspond to individual wheel passes.  
3.1.3 Route for further investigation 
Based on the observation made from the lateral cross section, it was uncertain whether 
the crack on the lateral plane (sample B2) initiated from the rail surface, or subsurface 
since it was hard to determine the crack initiation point. Generally for surface initiated 
crack, the crack normally initiated from the crack mouth, located on the surface of the 
rail. However, these cracks have undergone quite a lot of growth for quite a long time 
since they initiated and that could have wiped out / destroyed the evidence of the initiation 
point. If the crack initiated from the surface and grew in the transverse direction into the 
material, therefore lateral force due to curving effort might be responsible for the growth 
of the crack. However, the evidence of white etching layer lying above the major surface 
crack of sample B2 might suggest that the crack may initiate from a subsurface layer of 
the rail. Thermal stress may cause the crack to propagate towards the surface which could 
result in spalling of the rail surface. Therefore it would be useful to consider all 
component of forces (longitudinal, vertical, and lateral) in the further work to fully 
understand the growth pattern of squat type defects under the combination of all stresses. 
3.2 Evidence elsewhere 
Squat type defects were not unique to Switzerland. Incidents of squat type defects were 
also reported elsewhere as observed in Britain and Australia. The key features of the 
defects observed from these two different continents will be discussed in the following 
section. The work reported below solely depend from reference [1] for British experience 
and [3], [4], [135] for Australian experience. 
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3.2.1 British experience 
Squat type defects were reported in London Underground in which millions of pound was 
spent for their removal. Multiple defects with an appearance of V-shaped surface breaking 
crack (Figure 3-18) existed within a short length of track, with the presence of subsurface 
crack detected beneath the surface breaking crack. Surface depression (with the presence 
of crack mouth) accompanied by a widening of the running band was observed on all 
major defects. It was also observed that these defect formed on the rail surface 
approximately in the centre of the running band, in curves and also in straight track. They 
mostly appeared in an open area (not in tunnels) and were potentially associated with high 
driving traction (ie. signal).  
Longitudinal cross section from one of the samples revealed the presence of a subsurface 
crack with a length about 23 mm tip to tip located approximately 2 mm below the surface. 
Patches of WEL (with different length and thickness) were also observed lying close to 
the main defects. The presence of undeformed pro-eutectoid ferrite (Figure 3-19) within 
the WEL suggested that heat input was responsible for the formation of WEL. On some 
of the sample, minimal plastic flow (up to a depth of 130 µm from the rail surface) was 
observed and below this depth, the microstructure remained undeformed.  
3.2.2 Australian experience 
Similar to the British experience, Australian researcher [3] reported that squat type defects 
were observed on heavy haul lines associated with curves and straight track in Hunter 
Valley. Multiple defects with an appearance of classical squat (Figure 3-20) were present 
in the middle of the running band within a short length of track. Subsurface cracks with 
a depth of approximately 4 mm below the surface were also detected from ultrasonic 
scans. WEL was present in some of the samples, mostly associated with smaller defects. 
In a recent investigation [4], squat type defects were also observed in a different part of 
Australia whereby multiple defects that resulted in rail spalling (Figure 3-21) appeared in 
some of the lines in New South Wales. They appeared in a location approaching a signal, 
whether in a curve or straight track. Most of these defects occurred in the middle of the 
running band with the presence of multiple fine lateral cracks (gauge corner crack) 
observed on the gauge corner. Crack mouths were present in most of the major defects 
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located in the middle of the defect depression. A distinct band of WEL was also observed 
located close to the main defect. 
3.3 Summary 
The defects discussed in this chapter clearly show superficial similarities with 
conventional RCF squats in which formation of surface breaking cracks accompanied by 
surface depressions was observed for all major defects. However, results from field 
observation and metallographical analysis strongly highlight the differences. While the 
conventional RCF squat normally associated with ratchetting of the rail surface [47], 
metallographical results show that squat type defect occurred under very minor plastic 
flow. 
Similar observation was also reported elsewhere whereby multiple squat type defect were 
reported to appear in Britain and Australia. The defects investigated in this preliminary 
work had similarities with the British and Australian experience such as the presence of 
a subsurface crack, minimal surface plastic deformation, and presence of WEL. The 
presence of WEL observed close to the squat type defect strongly suggest that thermal 
input might be responsible for initiation and propagation of this type of defect. Therefore, 
two configurations of these defect as shown in Figure 3-8 and Figure 3-9 will be 
considered in the following chapter in order to provide understanding on the effect of 
WEL on the growth of squat type defect in rail.  
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3.4 Tables and figures 
Table 3-1 Results from metallographical analysis 
Sample 
Defect 
type 
Total 
length 
(µm) 
Thickness 
(µm) 
Remarks 
A 
Subsurface 
crack 
23332  
Max depth from surface = 4.32 mm  
 
Void   
Max depth from surface = 2.03 mm  
Area = 2.02 mm2 
Perimeter = 7.13 mm  
WEL 1 3366 131  
WEL 2 18558 37  
WEL 3 421 16  
WEL 4 1504 43  
WEL 5 3540 97  
WEL 6 437 21  
WEL 7 3524 90  
WEL 8 2572 28  
     
B 
Subsurface 
crack 
7141  Max depth from surface = 1.1 mm 
WEL 1 1863 49  
WEL 2 367 25  
WEL 3 974 24  
WEL 4 1715 35  
WEL 5 711 31  
WEL 6 658 35  
WEL 7 1345 21  
WEL 8 744 14  
WEL 9 1906 19  
WEL 10 1293 27  
WEL 11 2314 20  
     
C 
Surface 
crack R 
779  Inclination angle = 24.7° 
Surface 
crack L 
928  Inclination angle = 19° 
WEL 1 780 19  
WEL 2 11014 101  
WEL 3 611 27  
WEL 4 2146 82  
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Figure 3-1 Close observation around the ultrasonically detected defect area. Gauge face at top, three defects: A 
(195mm), B (245mm) and C (285mm), referring to the scale in the figure. 
 
 
Figure 3-2 Detail observation of defect A. X and Y denotes crack mouth 
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Figure 3-3 Closer observation of overall defects. Letters in the figure denote location for each defect. 
 
 
Figure 3-4 Detail observation of defect C. A small ‘flap’ of steel is present (circle line) 
 
 
Figure 3-5 Rail surface after application of nital etch 
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Figure 3-6 Detailed sample sectioning 
 
 
Figure 3-7 Large crack initiated from void located under main surface defect of sample A 
 
 
Figure 3-8 Etched longitudinal cross section for sample A. White dash near surface represent location of white 
etching layer 
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Figure 3-9 Etched longitudinal cross section for sample B. White dash near surface represent location of white 
etching layer 
 
 
Figure 3-10 Etched longitudinal cross section for sample C. White dash near surface represent location of white 
etching layer 
 
 
Figure 3-11 Formation of the thickest white etching layer formed on the surface of sample A. 
 
 
Figure 3-12 Typical observation of minor surface plastic deformation as observed on all sample. Figure show 
longitudinal cross section of sample B. 
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Figure 3-13 Lateral cross section of sample B2 White dash near surface represent the location of white etching layer. 
Gauge face is on the left. 
 
 
Figure 3-14 Close up on surface crack observed on sample B2. White dash near surface represents the location of 
white etching layer. 
 
 
Figure 3-15 Lateral cross section of sample C2. White dash near surface represents the location of white etching 
layer. Gauge face is on the left. 
 
 
Figure 3-16 Sample A broken open by bending. 
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Figure 3-17 Crack faces lying underneath the surface of the broken sample A 
 
 
Figure 3-18 Multiple defects appeared within a short length of track [3]. 
 
 
Figure 3-19 Presence of pro-eutectoid ferrite within WEL [1]. 
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Figure 3-20 Squat type defect with an appearance of V-shaped surface breaking crack. Material such as that shown 
ringed appears to be WEL [3]. 
 
 
Figure 3-21 Squat type defect that has spalled out (delamination of rail surface) [4]. 
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CHAPTER 4   
 
THE POTENTIAL FOR SUPRESSING RAIL 
DEFECT GROWTH THROUGH TAILORING 
RAIL THERMO-MECHANICAL PROPERTIES   
4.0   Introduction 
This chapter is based on the paper with the title of “The potential for supressing rail defect 
growth through tailoring rail thermo-mechanical properties” [7] (see appendix) which is 
an extension to previous research investigating the thermal influence on crack growth in 
rails. The formation of white etching layer which normally associated with the presence 
of thermal input leads to a volume change for the steel, leaving not only a transformed 
microstructure, but also locked-in stress. The inﬂuence of this additional locked-in stress 
on the development of an initiated crack is modelled, and the work extended to consider 
how alternative materials which react differently to the thermal input may offer a means 
to suppress crack development through locking in beneﬁcial rather than problematic 
stresses. 
4.1 Background 
In recent years, a type of rail defect named as “studs” which have superficial similarities 
with the squat defect have been discovered on railways and metros around the globe [84]. 
While the squat is normally associated with accumulation of plastic deformation on the 
rail surface, the stud, on the other hand, is linked to the presence of thin white etching 
layer (WEL) lying on the rail surface indicating evidence of severe thermal input. Study 
on WEL that formed on the rail surface revealed that they have martensitic structure [45] 
which could be formed either by repeated severe plastic deformation due to excessive 
mechanical work [136] or by a thermal process resulting from friction due to extreme 
braking and acceleration [137]. Cross sectional images from defects cut open unveil that 
surface plastic deformation is not present in stud defects [1], so the development of WEL 
due to thermal input has been investigated.  
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Severe thermal input has three main consequences and lasts over different durations 
which are: 
(i) temporary thermal expansion of the steel 
(ii) permanent metallurgical transformation of the steel to WEL 
(iii) permanent locked-in stress produced by the change of material volume 
associated with the metallurgical transformation.  
In previous investigation [138] only additional stress due to cause (i) was considered for 
its effect on stress intensity factors (SIFs) describing the growth of an already initiated 
defect. In this chapter, the change of volume (cause iii) is brought in as additional 
phenomena in the modelling, opening up two routes of investigation. First, taking 
expansion characteristic of current rail steels undergoing transformation to WEL and 
examining the inﬂuence of the additional stress produced by this expansion. Second, 
using the same model in a design capacity to assess the most beneﬁcial expansion (or 
contraction) which a heat affected area may exhibit if it is to suppress crack growth, i.e. 
assume that initiation of damage still occurs, how can a future rail material be created to 
suppress the growth of the initiated defect. Methods such as laser cladding have been 
proven to supress crack growth since materials that composed of better resistance 
properties can be coated on the railhead surface which acts as a protective barrier to 
combat against crack development [19], [20]. In this work, a wheel running temperature 
of 300 °C is considered, separate to the prior severe thermal event [139].   
4.2 Modeling method and conditions 
A simple two dimensional (2D) boundary element (BE) model was developed within the 
Beasy software package [140] to investigate the influence of the transformation of the 
steel to WEL on a crack that has already initiated. A single crack with different crack 
lengths (1 mm, 2 mm, 5 mm, 10 mm, and 15 mm) was considered where the crack is 
located horizontally below the contact surface at a depth of 1 mm. This configuration 
represents a simplified stud defect (Figure 4-1) that developed in undeformed steel. The 
crack sizes modelled were large relative to the microstructure dimensions, hence the 
model was of stress controlled crack growth, which was quantiﬁed by fracture mechanics. 
Microstructural anisotropy which would be important if there was extensive shear of the 
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steel (typically affecting cracks much closer to the rail surface) was absent in the samples 
observed (Section 3.1.2) and therefore was not included in the model. 
The 2D plane strain was assumed in the model (Figure 4-2) and a Hertzian pressure profile 
was used to represent the rail-wheel contact. The corresponding maximum Hertzian 
contact pressure of 1014 MPa with a contact half width of 5 mm was selected where the 
pressure and contact size correspond to a wheel of 780 mm diameter and 6.5 tonne axle 
load running on a UIC60 rail worn to a slightly ﬂatter than new condition crown radius. 
Since the crack was embedded in the rail and would not be affected by lubrication effect, 
surface and crack face friction were taken as 0.3 to represent dry contact condition. Full 
slip case was assumed where the distribution of the shear traction, q across the contact 
can be described as: 
𝑞 = 𝑓𝑝            (2.28) 
where f is the surface friction coefficient and p is the Hertzian normal load distribution. 
The 2D model was able to represent vertical, longitudinal, and shear stresses that 
characterise wheel motion in a straight track, but could not represent the lateral forces or 
lateral crack growth that can be signiﬁcant in a curved track. This disadvantage was set 
against signiﬁcantly lower solution times, enabling a wider range of conditions and crack 
sizes to be studied. Metallurgical transformation of the pearlite to martensite was 
simulated on a macro scale through bulk expansion or contraction of the heat affected 
zone, not by modelling the thermo-mechanical behaviour of the microstructure itself. The 
expansion depends on the speciﬁc alloy composition of the steel, with two different cases 
considered alongside the ‘artiﬁcial’ contraction cases used for the design study. 
4.2.1 Density based calculation of volume change 
The volume change of the heat affected area due to metallurgical transformation can be 
assesed either by density or an atomic volume based approach. To assess the change based 
on density, the density of pearlite was calculated by taking the density of its constituents 
ferrite (α iron, 7870 kg/m3) and cementite (Fe3C, 7700 kg/m3) and their weight 
percentage, assuming a eutectoid composition steel with 0.77% carbon for which the 
weight fractions of ferrite to cementite are 8:1 [141]. This gives a density of pearlite with 
0.77% C as 7851.1 kg/m3, although this takes no account of the effect of other alloying 
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elements on the density. The density of martensite is available from literature [142], 
although its value is sensitive to plastic deformation. This is particularly relevant to rail 
steel surfaces where plastic deformation of pearlite is common, although the increased 
hardness of martensite after transformation may protect it from further deformation. 
Density prior to plastic deformation [142] is 7790 kg/m3, but may drop to 7785 kg/m3  
with 5% plastic deformation. Assuming the value for zero plastic deformation applies, 
the change from pearlite to martensite reduces density to 7790/7851.1 = 99.22% through 
an expansion of 0.78% in volume. The expansion would be greater after plastic work. A 
value of 0.8% is used in Table 4-1 to capture this process. 
Looking at minor microstructural constituents (in addition to iron + carbon), 
determination of the density value for multicomponent steels was depended on the 
composition of the material. Miettinen has determined the density of different grade of 
steel with different nominal composition in weight percentage as shown in Table 4-2 
[143] where it was found that different composition leads to a different value of density. 
For AISI 304 and AISI 316, the only difference on the composition is just a minor changes 
of the percentage of Chromium, Molybdenum, and Nickel (between 1% to 3%) which 
results in a difference density value of 52 kg/m3. Eventhough the differences on the value 
of density seems small, it seems to be significant if the volume expansion of the material 
is considered. Considering the changes from pearlite to martensite in Table 4-2, the 
volume expansion for AISI 304 is 1.5% and 2.2% for AISI 316 steel. This shows that 
even a minor changes in the composition of the material will result in a significant effect 
on the volume expansion. Therefore the case of 0.8% expansion modelled in this chapter 
should be taken just as an example to illustrate the principles. 
4.2.2 Atomic volume change approach 
An alternative to the bulk density based approach is to use atomic volume data for steel 
microstructures in Table 4-3 [144]. Taking carbon as a weight percentage (C) and atomic 
volume in Angstroms cubed, values are pearlite (11.916), austenite (11.401 + 0.329C), 
and martensite (11.789 + 0.37C). Considering a carbon fraction of 0.77% this indicates a 
change of atomic volume from 11.916 Å3 and 12.0739 Å3 with the transformation from 
pearlite to martensite i.e. a volume expansion of just over 1.3%. To assess the accuracy 
of the results, data from Table 4-3 was used to calculate the volume changes from 
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austenite to martensite. From the literature data, it was found that the transformation from 
austenite to martensite results to a volume expansion between 3%-4%. Using similar 
approach, the change from austenite to martensite is predicted to give an atomic volume 
increase of around 3.6% which is in good agreement with finding from [145]. A value of 
1.3% is used in Table 4-1 to capture this approach for the pearlite to martensite volume 
change. 
4.2.3 Implementation of volume change in modelling 
The exact value of volume change with transformation will depend on the steel chemistry, 
and also the exact thermal path taken as the steel is heated and cooled, but the methods 
outlined above gave a reasonable range for which modelling could be conducted to 
investigate the effect on cracks in a rail. To represent the expansion and contraction 
through the transformation of a surface layer in the BE model, a thermal body load was 
applied to the whole of the transformed layer (confined from the zone definition within 
BEASY, regardless of contact size or position) using a temperature calculated to achieve 
the required volumetric expansion [146]: 
ΔV/Vo = 3αΔT           (2.29) 
where ΔV/V0 is the volume change ratio, α is the thermal linear expansion coefﬁcient for 
the material and ΔT is the temperature difference. It should be noted that this is simply a 
convenient way to implement expansion or contraction within an existing structure 
without modelling microstructural change or applying a mechanical load. It is an artiﬁcial 
temperature value (230 °C for 0.8% expansion and 353 °C for 1.3% expansion), distinct 
from the thermal boundary condition applied to represent the passing of a hot wheel over 
the rail with which it is combined using superposition. 
For the case with a rail–wheel contact temperature rise, it was assumed that the rail 
surface was heated in the wheel contact area, and was elsewhere at 20 °C. This was 
intended to simulate ‘ﬂash’ heating of the rail surface followed by rapid cooling as the 
contact moves away. The properties of the rail steel (generic value of steel and have been 
used throughout the model irrespective of the transformation) were Young's modulus, 
210 GPa, Poisson's ratio, 0.3, and thermal linear expansion coefﬁcient of 13 μm/mK. To 
identify the peak and range of stress intensity factors during the passage of a wheel, 
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contact positions at 2.5 mm increments were examined up to 15 mm either side of the 
crack centre. No crack growth rate law exists speciﬁc to the loading and cracks 
conﬁguration used in the current investigation. Therefore, indicative crack growth rates 
were calculated using the lower bound method developed for inclined surface breaking 
cracks in rail steel [80]: 
𝑑𝑎
𝑑𝑁
=  0.000614(∆𝐾𝑒𝑞
3.21 −  43.21) nm per cycle       (2.30) 
where da/dN is the crack growth rate and ΔKeq is the equivalent stress intensity factor. 
Although the crack conﬁguration differs, this growth law was generated using a normal 
grade rail steel and there is a similarity in the combination of mode I and II loading for a 
crack under compression. A more speciﬁc growth law for modern rail steels would be a 
useful area of future research. 
4.3  Results and discussion 
All the cases listed in Table 4-1 were investigated for a 1 mm crack length to examine a 
crack which has already initiated but not yet grown signiﬁcantly. Modelling was also 
performed for a range of crack lengths from 2 to 15 mm but for the economy of modelling 
these cases exclude conditions 4 and 5 (1.3% expansion due to transformation) since 
trends are visible from the baseline case and for 0.8% expansion cases. For each condition 
modelled the range of stress intensity factor was assessed by considering the movement 
of a wheel incrementally across the crack (Figure 4-3), generating a series of SIFs. The 
combined action of traction and normal stress is indicated in the ﬁgure, and results in 
asymmetry of the results for left and right crack tips. Results are presented as stress 
intensity factors in Figure 4-4 to Figure 4-6, in which the origin is at the centre of the 
crack, hence crack tips will lie to the left or right of the origin according to crack size. 
Stress intensity factors are converted to indicative crack growth rates shown in Figure 
4-7. As an addition to the SIF data, Table 4-4 shows stress calculated for a point 1 mm 
below the centre of the contact and white etching layer region, but without a crack present. 
This indicates that thermal expansion is particularly inﬂuential on longitudinal stress, and 
to a lesser extent on lateral stress, while metallurgical transformation has a strong 
inﬂuence on longitudinal and vertical stress on the rail. These stresses are for just a single 
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location, and it is their combination throughout the rail during the passage of the wheel 
that determines the SIFs for each case considered. 
4.3.1 Stress intensity factor dependence on crack size 
Figure 4-4 shows the trends observed in KI and KII values for the left and right crack tips. 
These plots are for condition 1 (no expansion/contraction, no thermal input). For the left 
crack tip (Figure 4-4a), KI shows a rise with increasing crack size, but is small even for a 
15 mm crack. For comparison, a threshold stress intensity factor of 6 MPa m1/2 for the 
tensile growth of cracks in carbon steel is available from Otsuka et al. [121] and has been 
applied in previous work on crack growth in rail steel [111], [147]. The mode II data for 
the left crack tip (Figure 4-4b) shows much larger stress intensity factor values, but a low 
sensitivity to crack size of the total SIF range during the passage of the contact. The values 
for shear mode growth comfortably exceed the 1.5 MPa m1/2 shear mode threshold given 
by Otsuka et al. [121], so crack growth would be expected. 
At the right crack tip, both mode I and II SIF ranges show rising trends with increasing 
crack size (Figure 4-4c and d). The mode I values are very small, but the mode II values 
are comfortably above the threshold. Assuming applicability of the crack growth law 
previously developed for inclined surface breaking cracks, Figure 4-7 and Table 4-5 show 
the outcome of mixed mode growth. There is a plateau in growth rate with increasing 
crack size for the left tip, but raising rates with increasing size at the right tip. This reﬂects 
similar trends in peak mode II SIF with increasing crack size for the left and right cracks 
(Figure 4-4b and d) and its strong inﬂuence over predicted crack growth rate. In crack 
growth for inclined surface breaking cracks, it is thought that a small mode I crack 
opening stress (even if itself below threshold) can “unlock” mode II growth through 
helping to overcome crack face friction [54]. In the current results, high values of mode 
II are predicted even with almost zero KI at the right tip, although larger KI values are 
predicted at the left. This may inﬂuence the tendency of the right side crack to branch (the 
usual mode II growth behaviour), whereas prolonged co-planar growth may be possible 
with the higher mode I level at the left tip. This is an aspect of the growth which requires 
further investigation, to better understand if and how the inclined surface breaking crack 
behaviour translates to these horizontally embedded cracks, and how they branch and 
propagate. 
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4.3.2 Effect of expansion and contraction of a thin surface layer 
Figure 4-5 shows the effect on mode I and II stress intensity factor of expansion or 
contraction of a surface layer due to metallurgical transformation, focusing on the left 
crack tip of 1 mm crack length. These data were generated without additional thermal 
stress as the wheel passes. Results for the right crack tip and at other crack sizes exhibit 
similar behaviour. The baseline case 1 is also included. Values of KI rise well above the 
baseline when the expansion of a thin surface layer is considered. Positive KI  values are 
present when the contact is absent, i.e. the crack becomes subject to a static mode I stress 
which is relieved as the compressive contact passes, producing a stress cycle. This is the 
case for the 1 mm crack which is short relative to the 2 mm transformed layer considered, 
but this effect diminishes as the crack exceeds the size of the transformed region. The 
values of KI are low, in part because this is a small crack size, but they rise in proportion 
to the degree of expansion of the surface layer, representing possible reactions of different 
steel metallurgies (case 2 and 4, 0.8% and 1.3% expansion respectively). For the case of 
a 0.8% contraction of the surface layer (case 6) KI is maintained at zero whatever the 
contact position. 
For mode II under the same conditions, moderate changes take place in the peak values 
determining stress intensity factor range during the passage of the contact, but the overall 
form of the curves is similar for all cases. Inset graphs (Figure 4-5b) enable the order of 
the peak values to be identiﬁed. It can be seen that expansion of the surface layer increases 
the magnitude of both positive and negative peaks (dependent also on the level of 
expansion). Furthermore, contraction of the surface layer reduces the peak magnitudes, 
and hence the stress intensity factor range. Although the number of contact positions 
examined is limited, the relative size of the contact and crack mean the peak position is 
known in advance and can be accurately captured. The ranges can be seen numerically in 
Table 4-6. The changes are small, but when converted to crack growth rates (assuming 
applicability of the crack growth law), they raise or lower the crack growth rate relative 
to the baseline case across the range of the crack sizes investigated, as indicated in Figure 
4-7 and Table 4-5. 
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4.3.3 Effect of thermal input from passing wheels 
Figure 4-6 shows a selection of cases to highlight the effect of additional thermal input 
from warm wheels passing a site of previous thermal damage with metallurgical 
transformation. Expansion and contraction by 0.8% are considered, but the 1.3% cases 
are excluded from the plot for clarity. From Figure 4-6a for mode I, it can be seen that the 
thermal input considered (dashed lines) makes insigniﬁcant changes to the stress intensity 
factor. The behaviour is dominated by the effect of metallurgical expansion relative to the 
base case (producing a rise in KI values), or contraction (for which KI is maintained at 
zero). As discussed above, the values of KI are all very small, but it is the trends that are 
of signiﬁcance. 
For KII (Figure 4-6b) the overall form of the curves for variation of stress intensity factor 
during the passage of the contact is insensitive to the differences between cases with and 
without additional thermal input. Dashed lines in the plot represent the cases with 
additional thermal input. At negative contact positions, there is some sensitivity of KII  to 
thermal input. At positive contact positions, there is almost no effect from the thermal 
input, with KII for metallurgical expansion or contraction cases being above or below 
baseline values irrespective of the additional thermal input. 
The effect of thermal input on SIF range is shown numerically in Table 4-6. For both 
metallurgical expansion (cases 2, 3) and contraction (cases 6, 7) the trend emerges that 
thermal input produces (i) minor or no change in ΔKI, and (ii) an increase in ΔKII. The 
crack growth predictions (Figure 4-7) show that a contracting microstructure is beneﬁcial 
in suppressing crack growth (growth rate in case 6 is close to or reduced below the 
baseline case). However, this beneﬁt is negated by surface heating from a warm wheel 
(case 7) for all but very small cracks which are wholly below the 2 mm wide transformed 
expansion/contraction region. For an expanding microstructure (case 2) the crack growth 
rate is always above the baseline case, and is made even higher when a warm wheel is 
considered (case 3). 
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4.3.4 Microstructure design 
The work here has considered a range of crack sizes at 1 mm below the surface, and 
indicates suppression of crack growth is possible if metallurgical transformation through 
thermal input produces contraction rather than expansion of the microstructure 
(considering this separately from temporary thermal expansion). This indicates it would 
be beneﬁcial to study steel chemistry that can achieve this behaviour, or to undertake tests 
on a range of existing rail steels to see if some types already have this beneﬁcial property. 
Beyond comparison of crack growth predictions with the physical evidence for existing 
rail defects (Figure 4-1), validation depends on identifying such a material, and developing 
a crack growth law speciﬁc to mixed mode non inclined subsurface cracks. When 
considering new rail coating technologies [20] there is also the possibility of choosing a 
coating with this crack suppressing property. Even if contraction cannot be achieved, 
there would be beneﬁt in selecting steel metallurgy able to reduce levels of expansion when 
the metallurgical transformation takes place following thermal input. In further work a 
crack closer to the surface should be considered to understand the very earliest stage in the 
growth of a defect near thermal damage, and whether there is a prospect of “designing 
out” growth of cracks from this damage type. 
4.4 Summary 
Evidence of severe thermal loading (white etching layer, WEL) is often associated with 
rail defects. Severe thermal input has three main consequences, which last over different 
durations: (i)  temporary thermal expansion of the steel,  (ii)  permanent metallurgical 
transformation of the steel to WEL, and (iii) permanent locked-in stress produced by the 
change of material volume associated with the metallurgical transformation. The 
modelling focuses on area (iii) and predicts that WEL can accelerate the growth of cracks 
below it through locked in stress due to the metallurgical transformation from pearlite to 
martensite which causes a local increase in the volume of the rail steel. Conversely, taking 
a hypothetical case in which thermal damage leads to a permanent contraction of the steel 
microstructure it is predicted that crack growth rate can be reduced. The changes 
predicted in crack growth rate are small, but point to the interesting possibility that if a 
material (new steel chemistry or a clad layer of a non-steel material) were to contract 
locally in response to thermal damage it could suppress any subsequent crack growth 
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close to this damage, or at the interface between the clad layer/ repair and the underlying 
rail which is a crucial position prone to defects. Validation against physical samples 
depends on the creation of a suitable rail surface material offering contraction in response 
to thermal transformation. This, along with investigation to better understand if and how 
existing understanding of inclined surface breaking crack behaviour translates to 
horizontally embedded cracks, is recommended as the subject of future research. 
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4.5 Tables and figures 
Table 4-1 Conditions modelled 
 
 
Table 4-2 Density value of different steel grade 
 
 
 
Table 4-3 Atomic volume of different microstructure constituents of ferrous alloys [144] 
Phase Apparent atomic volume, Å3 
Ferrite 11.789 
Cementite 12.769 
Ferrite + carbides 11.786 + 0.163C 
Pearlite 11.916 
Austenite 11.401 + 0.329C 
Martensite 11.789 + 0.37C 
 
 
Table 4-4 Stress (MPa) at 1mm from the rail surface, centrally below the contact and transformed layer. 
Case Longitudinal Vertical Lateral Shear 
1 -661.2 -995.6 -497.0 -209.1 
2 -632.8 -968.7 -480.5 -212.5 
3 -604.4 -965.1 -470.8 -213.2 
6 -688.9 -1022.0 -513.2 -205.7 
7 -660.4 -1018.0 -503.6 -206.5 
Case Expansion due to 
transformation (%) 
Rail-wheel contact temperature 
rise  (°C) 
1 0 0 
2 0.8 0 
3 0.8 300 
4 1.3 0 
5 1.3 300 
6 -0.8 0 
7 -0.8 300 
Steel 
Grade 
Nominal Compositions (in weight percent) Density at 
25°C (kg/m3) C Si Mn Cr Mo Ni N 
AISI 1016 0.16 0.3 0.8 - - - - 7846 
AISI 304 0.04 0.5 1.5 18 0.3 9.2 0.04 7912 
AISI 316 0.04 0.5 1.5 17 2.6 12 0.04 7964 
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Table 4-5 Crack growth rates (nm/cycle) for all the cases and sizes of crack modelled 
 
 
 
 
 
Table 4-6 Mode I and II stress intensity factor range for all cases modelled. 
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Figure 4-1 Example of “stud” defect morphology below the running band in a longitudinal cross section from a high 
speed mixed trafﬁc line. The central portion of the crack is close to horizontal and lies at approximately 1 mm below 
the rail surface in an undeformed microstructure. The white marker above the rail surface indicates the location of a 
patch of white etching layer on the rail surface with a thickness around 100 µm. The surface depression and plastic 
deformation characteristic of a “squat” defect are absent. 
 
 
Figure 4-2 BE model of rail–wheel contact with horizontal crack of 1 mm located 1 mm below the rail surface. 2 mm 
length of metallurgically transformed layer with  100 μm thickness from a previous thermal event is shown grey. The 
heat source moves together with the contact load traversing the rail surface. 
 
 
 
Figure 4-3 A series of analyses are performed with the incremental movement of the contact across the crack. The 
origin of the position is measured from the crack centre. 
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Figure 4-4 Stress intensity factor dependence on contact position. (a) left tip mode I, (b) left tip mode II, (c) right tip 
mode I, and (d) right tip mode II 
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Figure 4-5 Effect of metallurgical expansion and contraction (represented as density change) on stress intensity 
factor for 1 mm crack, left crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 4-1 
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Figure 4-6 Effect of additional thermal stress (warm wheels) on stress intensity factor for 1 mm crack, left crack tip. 
(a) Mode I, and (b) mode II. Legend gives case number from Table 4-1. 
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Figure 4-7 Crack growth rate dependence on crack size for cases 1, 2, 3, 6, and 7. (a) Left crack tip, and (b) right crack 
tip. Case 6 is equal to the baseline case 1 for cracks of 5 mm length an over. 
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CHAPTER 5  
 
THE EFFECT OF WHITE ETCHING LAYER 
CONFIGURATION ON A LARGER RAIL 
DEFECT  
5.0   Introduction 
The formation of defects in rail is one of the main issues that affects the integrity of a rail 
life. Defects such as void/porosity could be formed in the rail due to improper 
manufacturing process, imprudent handling process, and as a result from wheel-rail 
contact. If they remain in the rail, potential damage process might develop which could 
result in catastrophic failure. In the previous chapter, it was found that the formation of 
the metallurgical tranformed layer above a defect can enhance the growth of a crack 
significantly. However, only a single configuration of the transform region was 
considered whereby observation from Section 3.1.2 suggest that the transformed region 
appeared in a different type of form (patches with different length and thickness). In this 
chapter, a crack that initiated from a large void was modelled to investigate the 
repercussion of white etching layer configuration on larger defects in rail. Different 
length, thickness, and arrangement of this transformed region were considered to identify 
how does the combination of a larger defect with a different configuration of this 
transformed region will affect the growth of a crack. 
5.1 Background 
Porosity, voids, and inclusions are undesirable imperfections that developed in a metal 
casting process. The term porosity is widely used to describe any hole or void formed in 
a cast product [148]. In the rail manufacturing process, porosity could be formed in rails 
due to improper control during the vacuum degassing process. As the molten steel 
changes state from liquid to solid during the manufacturing process, trapped gas that is 
dissolved in the molten steel would remain in bubble form as the steel solidifies [149] 
which could result in sudden rail fracture.  
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Due to a greater demand in the rail transport industry, the increase in train capacity, larger 
axle loads, and higher speed have resulted in a greater variety and frequency on the 
formation of rail defects across the rail network [150]. Smaller defects may remain in 
track until evidence of their growth led to rail removal, but for larger defects, immediate 
rail replacement is required [69]. During a rail removal process, the rail containing defects 
is removed and replaced with a new rail that is joined together by a welding process. 
Thermite welding or exothermic welding is one of the methods that is widely used to weld 
railway rails [151] due to its portability, low cost, and relatively short completion time 
[152]. This method involves solidification of molten steel which is similar to a casting 
process. Casting defects such as porosity are often found in thermite welds as reported in 
[151]–[159] since welding can be considered as a casting process.  
According to [160], voids could also form in a small region below the sliding contact 
assuming they nucleate from the separation of a harder particle such as inclusion. An 
experimental study by [161]–[163] suggests that voids could nucleate from hard particles 
either by particle fracture or by separation of the particle matrix. These findings are 
relevant to rail applications where inclusions are often present in the rail since the rail is 
composed of some alloying elements. Therefore, even if a rail is fabricated free from 
defects such as casting defects or weld defects, voids could still form in a rail due to 
inclusions. 
Fruitful research has been done in the past to study the effect of inclusions in rails [164]–
[169]. If inclusions remain in the rail, they may establish a favoured region of stress 
concentration. Potential damage process might develop (depending on the level of stress 
and wear rate) which could result in catastrophic failure. In a recent investigation [170], 
the researcher concludes that a larger defect could increase the stress intensity factor (of 
a crack that initiated from the larger defect) which proportionally affects the crack growth 
rate by 19 times. However, the study does not include the effect of metallurgical 
transformed region / white etching layer present above the larger defect. In the previous 
chapter, only a single thin metallurgical transformed layer with a fixed length was 
considered to identify the effect of metallurgical transform region on the growth of a 
crack. Observation from recent work [2] suggests that the metallurgical transformed 
regions sometimes form as patches (not continuous) with various length and thickness. 
Therefore it would be interesting to study the effect of a different configuration of 
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transformed region on cracks that initiated from larger defect in rail. To demonstrate these 
issues, a simple two dimensional (2D) boundary element (BE) model was developed 
within the Beasy software package [140] to investigate the influence of contradistinct 
white etching layer configuration (Figure 5-1) on a larger defect in rail. 
5.2 Modeling method and conditions 
The modelling method was almost identical with the previous chapter (described in 
Section 4.2) except for the type of defect and configuration of the transform region 
considered. The model variables and conditions were decided to match the operating 
condition of a high speed traffic provided by the SBB [2].In this chapter, a specific defect 
(Figure 5-2) described in the morphological study (Section 3.1.2) is considered in the 
modelling. An in-depth case study is made of a large void (maximum length of 2.9 mm 
and a maximum height of 0.9 mm) that was modelled to investigate the repercussion of 
white etching layer configuration on a larger defect in rail. The defect was located 
approximately 2 mm below the rail surface with two inclined cracks (referred as left and 
right crack) initiated from the left and right side of the void. This configuration represents 
a large defect in the rail that developed in undeformed steel. The left crack has an 
inclination angle of 4.65° while the right crack has an inclination angle of 15.68°. 
Different crack lengths (0.5 mm, 1 mm, 2 mm, and 4 mm) were considered to examine 
the effect of white etching layer conguration on the crack growth rate. Instead of 
modelling the void as an elliptical shape [170], the real geometry of the defect was 
modelled by extracting the defect perimeter coordinates from the metallographic image 
using an open source data extractor package known as the G3data [171]. Initial modelling 
work has been performed prior to this study to identify whether it would be convenient 
to simplify the void as an elliptical shape. It was found that by simpifying the void as an 
elliptical shape, the crack initiation point (determined based on Tresca effective stress 
value as the contact move across the defect) of the left crack would be at incorrect position 
and higher magnitude of stress was generated at the crack initiation point for the elliptical 
shape compared to the real geometry (Figure 5-3). Therefore it was decided not to 
simplify the geometry of the defect and the exact geometry was used throughout this study 
since the above mentioned effect might cause inaccurate results on the determination of 
stress intensity factor value. 
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Five cases have been considered throughout this study as indicated in Table 5-1. For case 
1, no metallurgical expansion layer has been considered and case 1 has been chosen as 
the baseline case to identify the effect when a metallurgical transformed layer with a 
different configuration exist above the larger defect. The configuration of the model for 
case 1 is shown in Figure 5-4a. Case 2 to case 4 are similar in terms of the transform 
region thickness except for the length and configuration of additional transform region. 
For case 2, a thin metallurgical transform layer with a thickness of 250 µm lying above 
the defect was considered where the total length of the transform region was set to be 4 
mm covering the whole length of the void (Figure 5-4b). Case 3 is almost identical with 
case 2 whereby both of these two cases posses similar thickness of transform region. 
However, an additional 1 mm length of transform region was added on both left and right 
side of the main transform region (Figure 5-4c) to represent a longer metallurgical 
transform region. Case 4 represents patches of metallurgically transformed region where 
two additional transform regions with a length of 1 mm were placed on the left and right 
side of the main transform region with a spacing of 1 mm between the additional 
transform region and the main transform region (Figure 5-4d). Case 5 has a similarity 
with case 2 whereby both of the transform regions shared a similar length of 4 mm. 
However the thickness of the metallurgically transformed region for case 5 is four times 
the thickness of case 2 resulting in a total thickness of 1 mm which represents a case of a 
thicker metallurgical transform region. To investigate the repercussion of white etching 
layer configuration on larger defects in rail, the white etching layer was represented in 
the model by applying a thermal body load to the whole region of transformed layer which 
symbolizes an expansion of a surface layer due to volume change. The value of expansion 
due to transformation was taken as 0.8% which was calculated based on the changes in 
density from pearlite to martensite as previously described in Section 4.2.1 and [7]. 
5.3 Results and discussion 
All the cases listed in Table 5-1 were investigated for a 0.5 mm crack length to examine 
a crack that has initiated from a void but not yet grown signiﬁcantly. Modelling was also 
performed for a range of crack lengths of 1 to 4 mm to investigate the effect of a different 
configuration of the metallurical transformed layer on propagated cracks. For each 
condition modelled, the range of stress intensity factor was assessed by considering the 
movement of a wheel incrementally across the defect (Figure 5-5), generating a series of 
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SIFs. The combined action of traction and normal stress is indicated in the ﬁgure, and 
results in asymmetry of the results for left and right crack tips. Results are presented as 
stress intensity factors in Figure 5-6 to Figure 5-12, in which the origin is at the void 
centre. Figure 5-7 and Figure 5-8 show the effect of metallurgical expansion layer on 
stress intensity factor for 1 mm crack for all the cases considered. Stress intensity factors 
are converted to indicative crack growth rates as display in Figure 5-13.  
5.3.1 Stress intensity factor dependence on crack size 
The trends in mode I and mode II SIF for the left and right crack tips that initiated from 
a larger defect is shown in Figure 5-6 where consideration was made for case 1. This case 
only considered mechanical load (without considering any metallurgical transformed 
layer above the void). The mode I SIF shows a rise with increasing crack size for the left 
crack tip (Figure 5-6a), but the values are small even for larger cracks (4mm) where the 
peak KI is still below the threshold SIF (6 MPa.m
1/2 for tensile growth of cracks in carbon 
steel [121]). Data for the mode II SIF (Figure 5-6b) shows higher stress intensity factor 
values even for smallest crack where the range exceeded the shear mode threshold of 1.5 
MPa.m1/2 proposed by Otsuka et al. [121]. Even though the value of mode I SIF does not 
exceed the opening mode threshold, crack growth would still be expected since the range 
of mode II SIF exceeded the shear mode threshold value.  
For the right crack tip, the range of KI and KII show rising trends with increasing crack 
size (Figure 5-6c and d). However, there was some reduction in the range of KII once the 
crack reaches a size of 4 mm for the left and right crack tip. This reflects the trend in the 
outcome of crack growth under mixed mode developed for inclined surface breaking 
cracks (Figure 5-13 and Table 5-2) where there is an increase in the growth with an 
increase of crack size, but decreased once both cracks exceeded a size of 2 mm.  
As the crack size increase, the tip moves deeper into the material where the stress region 
become lesser with an increasing depth. A similar observation can be seen from the shear 
stress plot (Figure 5-14) where the magnitude of the shear stress starts to decrease with 
an increasing depth. As the crack reach some critical crack length and depth, this results 
in a reduction in stress intensity value hence resulting in a drop in the growth rate [172]. 
Therefore, the propagation of the crack may tend to slow even though the crack elongate.  
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Looking at the trend of the growth rate, it was noticed that the left crack tip experience 
higher growth rates compared to the right crack tip. A similar observation can be seen 
from the defect metallography (Figure 5-2) where the left crack tip is longer than the right 
crack tip. As stated in Section 5.2, the right crack tip has higher inclination angle 
compared to the left crack tip. Therefore with an increasing crack size, the right crack tip 
will always be deeper into the material compared to the left crack tip hence will always 
experience lesser stress magnitude. 
5.3.2 Expansion effect of a thin surface layer on cracks initiated 
from void 
The effect of the thin expansion layer on mode I and II SIF for the left crack tip is shown 
in Figure 5-9 and the baseline (case 1) is included for comparison. The trend (Figure 5-9a) 
shows that the presence of the metallurgical transformed layer has a significant effect on 
the mode I SIF where its value will always be above the baseline case if the contact is far 
from the crack tip. However, this effect is only valid for short crack size (0.5 – 2 mm) 
whereby for the largest crack (4 mm), the expansion of the transformed layer gives very 
minor effect on the KI value. This phenomenon is similar to the case for horizontal crack 
described in Section 4.3.2 where the effect will diminish as the crack lengthens. Even 
though the expasion of the transformed layer give a rise on the KI value, the range is still 
below the opening tensile threshold even for the largest crack size. For mode II data 
(Figure 5-9b), the trend shows that the expansion of the transformed layer increases the 
magnitude of the negative and positive peak but the effect is small. These differences can 
be seen numerically in Table 5-3. The changes are small and reduce as the crack extends. 
Results for the right crack tip exhibit similar behaviour where expansion of the 
transformed layer only affects the range of KI value for shorter crack and gives very little 
effect on the range of mode II SIF. 
The expansion of the metallurgical transform layer lying above the defect will introduce 
an opening stress region below its whole length until a certain depth as shown in Figure 
5-15. It can be seen that the region of the maximum opening stress occured at the side of 
the defect where crack initiation point is located. For the shortest crack (0.5 mm), the 
whole length of the crack is situated at the region where maximum opening stress occured 
(e.g. y-direction direct stress). As the crack lengthens, the crack tip had exceeded these 
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maximum stress regions where only some part of the crack length is affected by the 
opening stress and this will result in a very minor reduction in the KI value as the crack 
lengthens.  
Since the defect is located further away from the transformed region (eight times the 
thickness of the transformed region), therefore the effect of the thin transformed region 
gives a small effect on the range of mode I and mode II SIF. Unlike the case in the 
previous chapter where the horizontal crack is located closer to the transformed region 
and therefore impacts both mode I and mode II SIF significantly, the tip for an inclined 
crack is located further away from the highest stress region as the crack lengthens hence 
resulting in a lesser effect on the range of KI and KII value. It can be concluded that the 
expansion of the thin transformed layer will only give significant affect on the range of 
KI and KII value if the defect (crack tip) is located closer to the transform region. 
5.3.3 Effect of longer expansion layer 
Figure 5-10 display a selection of cases to highlight the effect of an increasing length of 
the transformed region from 4 mm to 6 mm (focusing on the left crack tip for 1 mm crack 
size). The baseline case (case 1) is also included for comparison. The trend in mode I 
(Figure 5-10a) shows that an increase in the length of the transformed region (case 3) will 
raise the KI value above the case when a shorter transform region is considered (case 2) 
but the effect is small. Maximum effect occurs when the crack grows to a size of 2 mm 
as can be seen numerically from Table 5-3. However, the longer transform region makes 
insignificant changes as the crack lengthens to a size of 4 mm.  
For mode II data (Figure 5-10b) the variation of SIF during the motion of the contact is 
insensitive to the differences between cases with the longer transformed region or with 
the shorter transform region. Even for a larger crack, the trend exhibit similar behaviour. 
At negative contact position there is almost no effect between shorter expansion region 
(case 2) compared with longer expansion region (case 3) while for positive contact 
position, there is some sensitivity of the peak KII value from an increasing length of the 
transform region.  
As mentioned earlier, the effect of a longer transform region (case 3) on a crack initiated 
from void will increase the KI value with an increase of the crack size (for 1 mm and 2 
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mm)  but with a minimum effect compared to the case when a shorter transform region is 
considered (case 2). However, these effects will diminish once the crack grows to a size 
of 4 mm. As mentioned earlier in Section 5.3.2, the presence of the transform region will 
introduce an opening stress region below its whole length of the transformed material. 
When a longer expansion layer is considered, the opening stress region became wider 
(Figure 5-16) and any crack length that is located within this region will experience higher 
opening stress which attributes to higher KI value. For a 1 mm crack, the whole crack 
length is located below the transform region when case 3 is considered. The whole crack 
length (in case 3) will experience higher opening stress due to the expansion of the 
transformed region compared to case 2 where only some part of the crack face 
experienced the opening stress that affects the KI value. However, as the crack lengthens 
to a size of 4 mm, the tip of the crack has exceeded the length of the transform region 
(where only some part of the crack is affected by the expansion of the transform region) 
hence resulting in insignificant changes on the mode I value. This reflects the trend in the 
crack growth predictions (Figure 5-13) whereby a longer transformed layer (case 3) will 
raise the growth rate of the crack above the case of a shorter transform region (case 2), 
but with a very minimum effect. 
5.3.4 Effect of patchy transform region 
As mentioned in Section 5.2, the configuration of the transform layer for case 4 is quite 
similar to case 2. However, there is an additional 1 mm long transform layer on each side 
of the main transform layer, with a spacing of 1 mm as shown in Figure 5-4. An example 
of white etching layer patches that formed on the rail surface is shown in Figure 5-1. 
The effect of a patchy transformed region on mode I and mode II SIF for 1 mm crack 
focusing on the left crack tip can be seen from Figure 5-11. The trend in Figure 5-11a 
shows that the value of KI rises above baseline (case 1) but fall below case 2 throughout 
all positions of the contact. Looking at the numerical changes in Table 5-3, the trend 
change where the range of mode I SIF for case 4 raise above ΔKI for case 2 as the crack 
lengthens from 2 mm to 4 mm. Although the SIF changes are small, they do influence the 
trend of the crack growth (Figure 5-13) where patches of white etching layer will drive 
to a higher crack growth in case 4 compared to case 2 as the crack lengthens, however, 
the effect is still lower compared to the case when longer transform region is considered 
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(case 3). For the mode II data (Figure 5-11b), the patches of the transform region give 
minimal but variable effect on the range of mode II SIF. For all sizes of crack modelled, 
it was found that patchy white etching layer has an insignificant effect on the ΔKII value 
compared to case 2.  
Looking at the results overall, when patches of transform region formed on the surface, 
they will introduce an opening stress region below the transformed region (similar to case 
2 and 3) due to volume expansion. However, the presence of gap/spacing between the 
transform region will introduce an additional compressive stress region below the gap 
(Figure 5-17). Since the transform region expands due to volume expansion particularly 
noticeably when the contact is not present, the non-transformed region of the gap will 
compress due to the reaction movement (Newton 3rd law) and this will result in the 
formation of the compressive stress region under the gap. Therefore any crack tip that lies 
in this region will experience compressive stress that will reduce its KI value. Focusing 
on the left crack tip, Figure 5-19 show the deformed plot for case 4 when the contact is 
not present. For the 1 mm crack size, some part of the crack is located at the tensile stress 
region while some part especially the crack tip is located at the compressive stress region 
(Figure 5-19a). This results in a small reduction in the ΔKI value compared to case 2 for 
similar crack size. However, as the crack lengthens to a size of 2 mm, some part of the 
crack especially near the crack tip is located at the opening stress region (Figure 5-19b) 
and this attribute to higher ΔKI value compared to case 2. Hence although minor, the 
variation in SIF observed can be seen to be caused by the physical region modelled and 
not by artifacts of the modelling process. 
5.3.5 Effect of thicker transform region 
The effect of thicker transform region on the mode I and mode II SIF for the 1 mm crack 
size (focusing on the left crack tip) is shown in Figure 5-12. The length of the transform 
region for this case (case 5) is similar to case 2, however, it is 4 times thicker compared 
to the thickness of the transform region for case 2. Looking at the effect in mode I (Figure 
5-12a), the values of KI for thicker transform region (case 5) rise well above case 2 when 
the contact is absent. Under the same condition, thicker transform region also has a 
significant effect on the range of KII (Figure 5-12b) where the peak of the KII value falls 
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below the baseline case at negative contact positions and rises significantly in magnitude 
at positive contact positions.  
The effect of thicker transform region on stress intensity factor range can be seen 
numerically in Table 5-3 where the trend emerges that thicker transform region produces 
a major change in both ΔKI and ΔKII (for example the differences on ΔKI value is about 
53% for 2 mm left crack). This reflected in the trend in the crack growth rate (Figure 
5-13) where a thicker transform region results in higher growth rate compared to all other 
cases considered. The trend in the crack growth rate for case 5 is similar to all the other 
cases where the growth rate increase with an increasing crack size, but decreased as the 
crack exceeded the size of 2 mm.  
Similar to case 2, the formation of thicker transform region will generate opening tensile 
stress region under the deformed layer most noticeably when the contact is not present as 
shown in Figure 5-18, but with a higher magnitude of stress than case 2 due to the impact 
of the thicker transformed layer. With a thicker transform region, the defect and the crack 
tip will be located nearer to the transform region and they will experience a higher level 
of stresses which affect both KI and KII value. For a shorter cracks size, they will always 
locate in this high stress region. However as the crack lengthens, the crack tip will be 
located further away from the high stress region which will give a drop to both ΔKI and 
ΔKII value. This indicates that thicker transform region will results to a higher Mode I 
and mode II SIF which will also enhance the crack growth rate. Even for a thin transform 
region, a higher crack growth rate would be possible if the defect is located closer to the 
transform region. 
5.3.6 Real world consideration 
In this chapter, since the defect is located 2 mm away from the transform region, the effect 
of a different configuration of the metallurgical transformed layer does not show 
significant effect between most cases considered (apart from the case of thicker transform 
region). However, looking at the trend where thicker transform region is considered, it is 
expected that different configuration of these transform region will have a more 
significant effect if the defect is located closer / nearer to the transform region. These 
effects will be greater if a horizontal crack instead of an inclined crack is considered 
(Figure 5-20). 
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It is known that there is an interaction between wear and fatigue crack whereby some rail 
steel grades wear more rapidly, and small cracks are always removed when wear process 
dominates. Typical rail wear rate maeasured from twin disc test under a dry condition 
with a maximum pressure of 1500 MPa is around 1.05 nm/cycle [173] where the value 
would rise up to 2.5 nm/cycle when decarburised layer are present on the rail surface 
[174]. However the crack growth predicted in this study for a small crack size is at least 
6 times higher than the wear rate mentioned in the literature, and its growth rate will rise 
if the expansion of a transformed layer is considered.  
5.4 Summary 
Severe thermal loading for example caused by poor traction control has resulted in a 
formation of a thick metallurgical transformed layer on the rail surface which is known 
as the white etching layer. Similar but much thinner layer are also produced during normal 
running. The presence of white etching layer on a rail remove from service (normally 
associated with squat type defect) comes in various type of form where sometimes the 
layer is not continuous and appear in the form of patches with various thickness and sizes. 
The effect of different WEL configurations on an inclined crack initiated from larger 
defect have been studied leading to the following conclusions:   
a) The presence of thin (0.25 mm) metallurgical transformed layer / white etching 
layer lying above the defect will give an increase in the growth rate for an inclined 
crack. However, the effect reduces with an increasing crack size as the crack tip 
moves away from the region of maximum stress. 
b) A longer (6 mm) metallurgical transformed layer will increase growth rate for an 
inclined crack compared to a shorter (4 mm) transformed layer with a similar 
thickness. However, in this study, the effect is small with a maximum difference 
of 4% in crack growth rate.  
c) Patches of white etching layer will have lower crack growth compared to a 
continuously transformed layer while the crack tip is below region which is not 
transformed. However, the rate will increase once the crack tip enters the next 
region of a following metallurgical transform layer. 
d) Thicker (1 mm) transform region will increase the crack growth rate by at least 
1.3 times compared to thinner (0.25 mm) transform region with a similar length. 
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Even for larger crack size, the growth rate rises well above other cases considered 
while the crack lies below the transformed region. 
Since the crack considered in the model is subsurface, therefore there is no interaction of 
the crack and the wear. But to give some context to its growth rate, it was found that the 
growth rate is at least 6 times higher than the wear rate mentioned in the literature, and 
its growth rate will rise if the expansion of a transformed layer is considered. Looking at 
the overall behaviour of the crack (Figure 5-2), there is a tendency for this crack to grow 
transversely potentially leading to rail fracture under bending stress. Therefore, 
immediate rail replacement is required once the crack grows to its critical crack length 
[61]. 
Detection of this kind of defect is the key in order to monitor its growth behaviour before 
it leads to catastrophic failure. However, the presence of smaller defects lying above this 
larger and deeper defect could mask the ultrasonic signal during the inspection, 
preventing the detection of this larger defect. In addition, some defects could not be 
detected by ultrasonic scan if the crack is located just below the surface. Therefore, a new 
method of detection is needed to overcome this issue and this will be discussed in the 
following chapter. 
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5.5 Tables and figures 
Table 5-1 Conditions modelled 
 
 
 
Table 5-2 Crack growth rates (nm/cycle) for all the cases and sizes of crack modelled 
 
 
 
 
 
 
Table 5-3 Mode I and Mode II SiF range for all case modelled 
 
  
Case Consideration 
1 No metallurgical transformed layer 
Thin (0.25 mm) metallurgical transformed layer (length: 4 mm) 
Extension of thin (0.25 mm) metallurgical transformed layer (length: 6 mm) 
Patches of thin (0.25 mm) metallurgical transformed layer (length: 6 mm) 
Thick (1 mm) metallurgical transformed layer (length: 4 mm) 
2 
3 
4 
5 
Case 0.5 mm  1 mm  2 mm  4 mm   
 L R  L R  L R  L R   
1 12.0 16.0  34.1 32.3  48.0 41.5  35.4 34.1   
2 13.7 18.7  37.3 36.0  50.4 44.2  37.3 36.1   
3 13.3 18.4  38.4 36.6  52.5 45.6  38.3 36.8   
4 13.2 17.8  35.7 34.9  51.4 44.5  37.7 36.3   
5 17.3 28.2  47.3 50.1  60.1 56.8  47.7 47.0   
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Figure 5-1 Patches of white etching layer lying on the rail surface 
 
 
 
 
Figure 5-2 Example of massive void morphologhy below the running band in a longitudinal cross section from a high 
speed mixed traffic line. The central portion of the defect lies approximately 2 mm below the rail surface. Incline 
crack initiated from the left and right side of the void.The white marker above the rail surface indicates the location 
of a patch of white etching layer with a thickness ranging between 20 to 250 µm. 
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Figure 5-3 Comparison of crack initiation point between two different geometry under similar condition. (a) real 
geometry. (b) simplified elliptical geometry. 
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Figure 5-4 Representation of BE model of rail–wheel contact for 2 incline cracks initiated from the left and right side 
of a larger defect (named as left and right crack). (a) case 1 - no metallurgical transform region considered. (b) case 
2 – thin metallurgical transform region lying above the void with a continuous length of 4 mm and a thickness of 250 
µm. (c) case 3 – longer thin metallurgical transform region lying above the void with a continuous length of 6 mm 
and a thickness of 250 µm. (d) case 4 – similar with case 2 where thin metallurgical transform region lying above the 
void with a continuous length of 4 mm and a thickness of 250 µm. Two additional transform region with similar 
thickness and a length of 1 mm was placed on the left and right side of the main transformed region with a spacing 
of 1 mm to represent patches of transformed region. (e) case 5 – thick metallurgical transform region lying above 
the void with a continuous length of 4 mm and a thickness of 1 mm. 
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Figure 5-5 A series of analyses are performed with incremental movement of the contact across the defect. The 
origin of the position is measured from the centre of the void. 
 
 
Figure 5-6 Stress intensity factor dependence on contact position. (a) left tip mode I, (b) left tip mode II, (c) right tip 
mode I, and (d) right tip mode II 
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Figure 5-7 Effect of metallurgical expansion layer (represented as density change) on stress intensity factor for 1 mm 
crack, left crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 5-1 
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Figure 5-8 Effect of metallurgical expansion layer (represented as density change) on stress intensity factor for 1 mm 
crack, right crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 5-1 
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Figure 5-9 Effect of a thin metallurgical expansion layer (represented as density change) on stress intensity factor for 
1 mm crack, left crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 5-1 
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Figure 5-10 Effect of a longer thin metallurgical expansion layer (represented as density change) on stress intensity 
factor for 1 mm crack, left crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 5-1 
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Figure 5-11 Effect of thin metallurgical expansion layer patches (represented as density change) on stress intensity 
factor for 1 mm crack, left crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 5-1 
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Figure 5-12 Effect of thick metallurgical expansion layer (represented as density change) on stress intensity factor for 
1 mm crack, left crack tip. (a) Mode I, and (b) mode II. Legend entries refer to cases in Table 5-1 
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Figure 5-13 Crack growth rate dependence on crack size for all cases considered. (a) Left crack tip, and (b) right crack 
tip. 
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Figure 5-14 Shear stress plot at -16mm contact (far away from the defect) for case 1. Units in MPa. 
 
 
Figure 5-15 Deform vertical stress plot for the case where thin expansion layer is present above the defect (case 2). 
Mechanical load (contact) and crack were absent. The deformation plot scale factor was set to 100 for clarity. Units 
in MPa. 
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Figure 5-16 Deform vertical stress plot for the case where longer thin expansion layer is present above the defect 
(case 3). Mechanical load (contact) and crack were absent. The deformation plot scale factor was set to 100 for 
clarity. Units in MPa. 
 
 
 
Figure 5-17 Deform vertical stress plot for the case where patches of thin expansion layer are present above the 
defect (case 4). Mechanical load (contact) and crack were absent. The deformation plot scale factor was set to 100 
for clarity. Units in MPa. 
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Figure 5-18 Deform vertical stress plot for the case where thicker expansion layer is present above the defect (case 
5). Mechanical load (contact) and crack were absent. The deformation plot scale factor was set to 100 for clarity. 
Units in MPa. 
 
 
 
Figure 5-19 Deformed plot for the case where patches of thin expansion layer are present above the defect (case 4) 
focusing on the left crack tip. Mechanical loads (contact) were absent. The deformation plot scale factor was set to 
50 for clarity. (a) 1 mm crack size. (b) 2 mm crack size. 
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Figure 5-20 Comparison between different modelling defect configuration. (a) horizontal crack. (b) incline crack. 
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CHAPTER 6  
 
DEFECT DETECTION IN RAIL WITH THE 
APPLICATION OF DIGITAL IMAGE 
CORRELATION    
6.0  Introduction 
Regular track inspection is one of the processes to ensure continuous safety and reliability 
in train operation. The current practices to perform track inspection are normally by visual 
inspection to check the general condition of the track and its components, measurement 
of rail profile to check the rail profile remains within acceptable limit, assessment of track 
geometry to ensure the correct spacing between the rail, and detection of flaws and cracks 
in the rail to ensure the rails are free from defects such as rolling contact fatigue cracks.   
In order to ensure the rails are free from defects, a method that could detect the presence 
of defects (surface and internal defects) will be discussed in this chapter. By incorporating 
digital image correlation (DIC) technique, this method was found to be reliable and 
effective to detect damage in rails. Type of defects that have been considered is common 
defects that are found in rail such as pitting, gauge corner crack, surface crack, and also 
squat type defect. 
6.1 Background 
Since the derailment incident in Hatfield that cause fatalities to four innocent lives due to 
improper maintenance actions [175], the focus of rail research has changed tremendously 
to avoid this tragic incident from happening again. An investigation that was conducted 
following the incident led to a discovery that more than 2000 sites of United Kingdom 
network possess cracks that could result in the development of catastrophic fracture and 
subsequent fragmentation of a rail [176]. Since then, numerous research has been carry 
out which focused on defect study such as the effect of multiple crack interaction that 
could leads to RCF [62], the effect of fricion modifier on RCF and wear on the rail [63], 
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crack growth study focussing on RCF cracks [177]–[184], and also on rail flaw detection 
with the application of Ultrasonic Testing, Eddy Current Test, and Phase Array Inspection 
[185]–[188].  
Non destructive technique (NDT) is the most common technique that is widely used to 
detect damage in rails which comprise of either contact method (ultrasonic tranducers) or 
non contact method (magnetic induction, pulse eddy current, and visual cameras) [189]. 
Even though the methods mentioned were found reliable to detect the presence of defects 
particularly cracks, only visual imaging method gives add on value where the type of 
defects can be known through image acquired and remedial action can be taken without 
a need of further investigation. However, the imaging system has some drawback where 
it can only detect surface defect and does not provide any data on the existence of flaws 
within the material. Therefore it will be interesting to develop a method that not only 
could detect the presence of defects (surface or subsurface), but also would provide 
additional information that could be used for further analysis. It is also essential to ensure 
that the method could be incorporated with the automated track inspection system so that 
disruptions and delay that could cause an increase in overhead cost can be avoided.  
In this study, a method that utilizes Digital Image Correlation (DIC) has been developed 
for defect detection in the rail. DIC operates by comparing digital images of a material at 
different level of deformation. It is well known that DIC have been used widely for 
asessment of in-plane (2 Dimensional) or out of plane (3 Dimensional) deformation [190]. 
Recent advancement in cracks studies has also utilized DIC techniques as being reported 
in [191]–[198]. However, there was limited use of DIC in the rail application where the 
DIC techniques were only applied to monitor and measure vertical displacement in rails 
and bridges [199]–[201]. By considering the scenario where crack would open in the 
tensile region under bending load during the passage of the train (Figure 6-1) [202], 
samples containing surface and internal defects was loaded under 4 point bend test where 
DIC technique have been integrated during the bending test to provide images of 
deformation at different stages of loading. Further analysis of the DIC results was carried 
out to identify the difference in the outcome between the sample containing internal 
defects as compared to sample that only contained surface defects.  A Boundary Element 
(BE) model that contained a different type of defect that does not present in the testing 
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sample was also developed to identify the potential of the method to detect the presence 
of different type of defects. 
6.2 Specimen preparation and test method 
6.2.1 Internal defect identification 
Two R260 grade rails with a profile of 60E1 that contained defects have been removed 
from service and were selected as the samples for the initial UT investigation. The first 
rail had a length of 1.24 m while the other was 1.378 m. Initially, the rails were brought 
to TATA steel Swinden Technology Centre to identify whether the rail contained internal 
defects and also to record the information of the defects. The test was performed using 
Krautkramer USM36L flaw detector and two type of transducers were used which were 
the 0° angle to detect horizontal cracks and also the 70° angle transducer to detect the 
transverse crack. The estimated location of any crack identified from the initial test was 
marked on the gauge side of the rail as shown in Figure 6-2.  
6.2.2 Detail Ultrasonic Testing investigation 
Since the main objective of the initial UT investigation was only to identify whether the 
sample contained internal defect or not, a more detailed UT investigation was performed 
on the sample using GM100 ultrasonic thickness gauge (Figure 6-3) to identify the exact 
position of the internal defects, map its position, measure its depth and length, and also 
to estimate where to section the rail for sample preparation for DIC test. A gridding 
technique that was introduced by Kaewunruen and Ishida was adopted where a 10 x 10 
mm grid was drawn on the rail surface to ease the mapping process of the internal defects 
on the rail surface [203]. Instead of using 10 x 10 mm grid, a finer grid of 5 x 5 mm was 
implemented in order to map a finer detail of any internal defects found (Figure 6-4). The 
transducer was moved on each grid box and any internal defect found was mapped and 
its depth from the surface was recorded (Figure 6-5). From the results, four samples were 
selected to be used for bending test. The criteria for the selection were based on the sample 
with largest (Sample A), medium (Sample B), and smallest (Sample C) internal defect 
size. A sample without any internal defect (Sample D) was also selected to be used for 
comparison. All of the 4 samples were machined 30 mm from the railhead surface to 
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remove the rail foot and were sectioned to a length of 500 mm as shown in Figure 6-6. 
This gives a final dimension of each sample to be 500 x 72 x 30 mm. 
6.2.3 Four point bending test with application of Digital Image 
Correlation 
Prior to the bending test, all of the samples (Sample A, B, C, and D) were painted with 
white acrylic-based aerosol spray on the railhead surface as an undercoat to avoid any 
reflection during the test. Random speckles were then created on the sample surface using 
matt black acrylic-based aerosol spray. Figure 6-7 shows the example of random speckles 
pattern created on one of the samples.  
A four point bend test was performed on the sample so that the maximum flexural stress 
is uniform over the section of the rail between loading points covering the area where the 
defect is located. Figure 6-8 shows the schematic diagram of the four point bending test 
used in the experiment. Schenk 250kN top down machine was used to bend the sample 
vertically while 3D DIC techniques were incorporated during the bending test to identify 
any deformation that happened on the rail head surface during the test (Figure 6-9).   
Each sample was loaded vertically from 0 kN to a maximum loading of 150 kN. Once the 
loading reached 150 kN, the sample was unloaded back to 0 kN. However, for Sample B 
and C, two different test were performed for each sample. For the first test, the region of 
interest (ROI) were focused on the area containing internal defect while for the second 
test, the ROI focused on the area without any internal defects as shown in Figure 6-10 
and Figure 6-11. The loading and unloading rate for each sample was set to be 0.5 kN/s. 
Consecutive images of the ROI  for each loading/unloading cycle were captured by two 
digital cameras, DCP 5.0 LIMESS Messtechnik & Software GmbH coupled with 
Schneider Kreuznach Xenoplan 2.8/50 macro lens. The stereo angle was set to be 30° 
which produce an ROI test size of 28 x 24 mm. Prior to the bending test, the camera 
system was calibrated using an 11 x 10 uniformly spaced dot pattern with a spacing of 
1.5 mm between the dots. This configuration gives a calibration score (average distance 
between actual dot location and theoretical dot location) of 0.0786 pixels. The 
experimental data obtained in this test were processed with VIC-3D software from 
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Correlated Solutions, Inc [204]. Sixty one correlation subset size was chosen to ensure 
that there was a sufficiently distinctive pattern contained in the area used for correlation. 
6.3 Modelling 
6.3.1 Three dimensional Boundary Element Modelling  
A simple 3D BE model containing defects similar to the defects found in the testing 
sample was developed using BEASY software package [140] where two major modelling 
works were conducted (i): initial modelling for validation purpose, and (ii): modelling 
transverse defect in rail. Instead of modelling the real geometry of the rail head, a 
rectangular beam with a similar dimension (maximum length, width, and height) with the 
testing sample was modelled for simplification as the principle still remain the same. 
Figure 6-12 to Figure 6-14 show the modelling condition where the model was fully 
constrained on a small part of the rail surface in the vertical direction (Y axis) denoted by 
a green triangle. Spring boundary condition (pink kink line) with a stiffness of 0.1 kN 
were placed in the same location of the vertical support to allow free movement on 
longitudinal (Z axis) and lateral (X axis) direction. Two line forces (denoted by yellow 
arrow) with a summation of 150 kN vertical loading covered the whole width (lateral 
direction) of the beam were placed on the bottom of the rail surface. This configuration 
matched the bending test condition as shown in Figure 6-8. Table 6-1 listed the modelling 
properties used in this study. 
6.3.2 Initial modelling for validation purpose 
To assess the acuracy of the modelling results, the results from the experimental work 
was compared with the results from the BE model. Two cases were considered (a): a V 
shape shallow angle surface breaking crack (Figure 6-12) which was similar to the  defect 
found on Sample A, and case (b): two vertical shallow surface breaking cracks (Figure 
6-13) which were quite similar to the cases where the sample only contained surface 
defects without any subsurface defects beneath them (Sample B1). Semi elliptical shape 
was used to model the crack for case (a) since it is widely used to represent surface 
breaking cracks in modelling studies and this kind of crack face shape often appears when 
a rail containing squat defect is broken open [80], [205], [206]. Two semi elliptical crack 
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connected to each other on their crack mouth forming a V shape crack (when looking 
from the top) was modelled where its dimension was based on the data from the detail 
ultrasonic test. The major semi axis length of the larger crack was set to be 15 mm and 5 
mm length for the smaller crack based on the measurement made on the defect found in 
Sample A. Both cracks were positioned into the material with a shallow angle of 8°. For 
case (b), the cracks existed vertically into the material where the subsurface crack tip was 
at a depth of 0.5 mm from the surface. This represents shallow depth surface breaking 
cracks.  
6.3.3 Modelling 45° tranverse defect in rail 
Further modeling work was conducted to model a transverse crack which was not present 
in the testing sample. The purpose of this modelling work was to identify the potential 
for the DIC method to detect the presence of transverse crack in rail. The model was 
otherwise the same as the initial model as described in Section 6.3.2. To represent a 
transverse crack that initiates from the surface, a semi elliptical crack with its tip growing 
vertically into the material was modelled where the subsurface tip was located at a depth 
of 15 mm from the surface. Figure 6-14 show the modelling condition for the transverse 
crack modelled. 
6.4  Results and discussion 
6.4.1 Initial Ultrasonic Testing investigation 
Figure 6-15 and Figure 6-16 shows the physical appearances of the surface defect on the 
rail surface of Sample 1 and 2. Both samples contained 7 different areas of surface defects 
with internal defects underneath them. The internal defects that were detected by the 
initial ultrasonic test lie between 2-5 mm from the rail surface. No transverse crack was 
found during the initial ultrasonic investigation. Looking at the appearances of the defects 
on both figures, various type of defects appeared on the rail surface of both samples such 
as surface breaking crack, squat type defect, depression, pitting, and gauge corner crack 
which was normally found on the in service rail head surface. Table 6-2 and Table 6-3 
summarize the details of the defects found on Sample 1 and Sample 2 from the initial 
ultrasonic test.  
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6.4.2 Detail Ultrasonic Testing investigation 
Some of the results from the internal defects mapping for Sample 1 and 2 can be found 
from Figure 6-17 to Figure 6-19. For Sample 1, the shallowest and the deepest internal 
defect was found to be 1.5 mm and 3.5 mm while for Sample 2, 1.6 mm and 3.9 mm from 
the surface respectively. The average depth of the internal defect for both samples was 
between 2-3 mm from the railhead surface which is in the same range with the results of 
the initial ultrasonic test, but with higher precision. Based on the internal defect mapping 
results of Sample 1 and 2, four number of samples were selected to be used for the bending 
test where each sample contained different type of surface defect with different size of 
internal defects underneath them.  
Figure 6-20 shows the defect of Sample A where it has a characteristic of the squat type 
defect based on the appearance of V shape surface breaking crack. The internal defects 
size on Sample A was found to be the largest compared to the other 3 samples. Figure 
6-21 to Figure 6-23 show the defect of Sample B, C, and D respectively where Sample B 
has medium internal defect size while Sample C has the smallest defect size, and Sample 
D was free from any internal defect.   
6.4.3 Four point bending test with application of Digital Image 
Correlation 
Physical changes that happened on each sample’s surface under loading were examined. 
Similar results were obtained and therefore, only changes that happened on Sample A is 
reported in detail since it has the largest defect size (on the surface and subsurface) 
compared with all of the other samples. It also has superficial similarities with squat 
defects in rails which are a common threat to rail life. Comparison on the DIC 
displacement (longitudinal, lateral, and vertical) and strain plot for the surface of the other 
sample is made for the case where each sample was under maximum loading of 150 kN 
(*note: all of the images for displacement and strain plot are rotated. Rails run from top 
to bottom of the figures) 
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6.4.4 Physical changes on Sample A surface 
Figure 6-24b shows the longitudinal contour plot from the bending test under initial 
conditions before any vertical load is applied to the sample. The V shape crack and 
surface pitting can be seen clearly on the contour plot, similar to what can be seen from 
Figure 6-24a even though the sample in Figure 6-24b was covered with paint and 
speckles. All these data was derived from Digital Image Correlation which looks at the 
movement of the speckles as the load is applied. Some white region area representing the 
area where correlation could not be made can be seen on the V shape crack mouth and on 
the largest surface pitting. Although this region is out of measuring range, their size and 
shape still give some useful information. As the sample was loaded under a vertical 
loading of 39 kN, a small white region area started to appear at the apex of the V shape 
crack (marked with red dashed circle in Figure 6-24c). As the load increased to 78 kN, 
another white region area appeared at the tip of the V shape crack mouth as shown in 
Figure 6-24d marked with yellow line circle. The existing white region area (red dashed 
circle) was found to enlarge at this point. As the sample was loaded to its maximum 
loading of 150 kN, both white region area (red dashed circle and yellow line circle in 
Figure 6-24e) was found to expand in size compared to its original size in Figure 6-24d. 
However, once the sample is unloaded to its final state of 0 kN loading, the white region 
area at the tip of the crack mouth (yellow line circle in Figure 6-24f), disappeared 
completely even though the white region area at the apex of the V shape crack remains 
(red dashed circle). 
Due to an uneven surface profile of the rail (significant depth difference due to steep 
changes in profile) such as deep surface pitting, the speckles could not penetrate in the 
mouth of the pitting thus resulting in the presence of some white region area in the sample 
even though the sample is not yet loaded with any vertical load. As the sample was loaded 
to 39 kN, the area around the apex of the V shape crack (red dashed circle) experienced 
high deformation and initiated the opening of the crack mouth which results in the 
formation of the white region area (due to loss of correlation). With an increasing load, 
the existing white region area (red dashed circle) expands in size and more region of the 
crack mouth experienced high deformation which introduces a second white region area 
to be formed (yellow line circle). As the sample was loaded under 150 kN, the stress on 
the surface exceeded the material yield strength (where simple bending calculation shows 
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that the surface experienced bending stress of 694.4 MPa while σyield = 528 MPa) which 
results in a wider opening of crack mouth that cause the white region areas to expand. As 
the sample is unloaded, the crack mouth begins to shut and once the sample reached its 
final condition (0kN vertical load), the crack mouth shuts completely and the speckles 
that have displaced earlier, return to their original position resulting in the disappearance 
of the white region area (yellow line circle). However, the white region area that appeared 
on the apex of the V shape crack (red dashed circle) still remain but with a reduction in 
size once the sample reached its final condition. This suggests that the area around the 
apex of the V shape crack (red dashed circle) experienced higher deformation compared 
to the other white region area (yellow dashed circle) which disable the speckles around 
that region to return to their initial position under final condition. By comparing the strain 
experienced in both region (Figure 6-25), it was found that the area around the apex of 
the V shape crack (red dashed circle) experienced higher deformation compared to the 
other white region area (yellow line circle) under loading and unloading.  
6.4.5 Comparison on longitudinal displacement plot 
Figure 6-26 and Figure 6-27 show the DIC longitudinal displacement plot for each sample 
as they were loaded to a level exceeding their Yield Strength under 150 kN vertical load. 
For Sample A, the displacement plot (Figure 6-26a2) display intense contour lines 
concentrated around the crack faces which highlight the features of the V shape crack 
making it more visible similar to the features of the crack faces in the DIC ROI (Figure 
6-26a1). A similar trend was found for all of the other samples where the longitudinal 
displacement plot highlights the shape of any surface breaking crack.  It was also noted 
that longitudinal contour lines were found to converge on the crack tip forming a curved 
line contour. This trend was also found in [207] where the curved contour formed and 
converged on the crack tip when the specimen is under uniaxial tensile loading. The trend 
also shows that for most of the samples, the magnitude of the longitudinal displacement 
value decrease with position along the rail from top to bottom of the figure. Only Sample 
B2 and Sample C2 that contained internal defect (Figure 6-26c2 and Figure 6-27c2) show 
opposite trend. The longitudinal displacement plot also enables the quantification of the 
number of the surface breaking cracks within the DIC ROI. The major size crack is 
highlighted with red dash box while smaller crack is highlighted with blue dash box in 
each figure of displacement plot. 
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The contour lines of the longitudinal displacement plot were distributed evenly parallel 
to each other in horizontal direction. However, due to the existence of the surface defects 
such as surface breaking cracks cause disturbance to the distribution of the contour lines 
which results in the formation of curved line contour on the crack tip. The contour line 
also formed around the crack faces which in the end highlighted the shape of the surface 
crack. The intensity of the concentrated contour line around the crack face depends on 
the separation of the crack face. A wider open crack face will result in the formation of 
more intense contour lines around the crack face. On the other hand, the displacement 
magnitude depends on the position of the DIC ROI in the longitudinal direction. As the 
ROI is located closer to the centre in the longitudinal direction, the lower the value of 
displacement magnitude would be. 
6.4.6 Comparison on lateral displacement plot 
The lateral displacement plot (Figure 6-28 and Figure 6-29) shows different trends 
compared to the longitudinal displacement plot. There were fewer contour lines 
concentrated around the crack faces that highlight the shape of the crack for most of the 
other sample. Only Sample A show significant contour lines concentrated around the 
crack faces but not as intense compared to what can be seen in the longitudinal 
displacement plot (Figure 6-26 and Figure 6-27). For Sample A, widely distributed curved 
contour (highlighted by red dash box) was formed around the V shape crack and coincide 
with the location of the internal defect detected earlier from the UT test (Figure 6-28a1); 
forming a kidney shape that was normally found on a typical squat type defect (Figure 
6-30a). The kidney shape still remains visible even though the sample is unloaded to its 
final condition (0 kN vertical load), but with a reduction in size and magnitude of the 
displacement. For the other samples, a similar trend of the widely distributed curved 
contour was found only when the DIC ROI is located within the area where the surface 
crack was associated with an internal defect (Figure 6-28c2 and Figure 6-29b2). The 
contour lines of the lateral displacement plot were predominantly distributed evenly 
parallel to each other in the vertical direction when the sample only contained surface 
crack which is not associated with internal defects (Figure 6-28b2, Figure 6-29a2, and 
Figure 6-29c2). 
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The existence of the internal defects on some of the samples (Sample A, B2, and C2) 
results in the phenomena of the widely distributed curved contour forming around the 
associated surface crack. Since the surface crack has grown into the material to a certain 
depth, some region of material adjacent to the free surfaces remains almost unloaded as 
the sample bulk was loaded exceeding its yield strength during which the crack mouth 
opens. Such opening causes disturbance to the uniformity of lateral displacement where 
the distribution will follow the shape of the crack mouth opening which forms the widely 
distributed curved contour. As for the sample where the surface crack is not associated 
with any internal defect (Sample B1, C1, and D), the size of the crack mouth opening is 
very small since the surface breaking crack grew very shallow into the material with 
shorter crack length and there is little unloaded material. Results from modelling work 
show that the opening of the crack mouth depends on the ratio between the crack length 
and its depth. The deeper the crack grows into the material, the wider the crack mouth 
opening. 
6.4.7 Comparison on vertical displacement plot 
The plot of vertical displacement contour (Figure 6-31 and Figure 6-32) shows almost 
identical trend between each sample. The only difference is that, for Sample A, B2, and 
C2, widely distributed curved contour was formed on the tip of the surface crack as shown 
in Figure 6-31a2, Figure 6-31c2, and Figure 6-32b2 (highlighted by red dash box) while 
for Sample B1, C1, and D, the trend looks identical to each other (Figure 6-31b2, Figure 
6-32a2, and Figure 6-32c2). The magnitude of the vertical displacement was found to 
decrease from left to right of the vertical displacement plot. The range of maximum 
vertical displacement for each sample under 150 kN vertical loading was between 3.6 - 
4.4 mm. As each sample was loaded to 150 kN and unloaded back to their final condition 
(0 kN vertical load), there was some variation on the final vertical displacement value 
ranging between 0.7-0.9 mm. Figure 6-33 show the comparison on the vertical 
displacement plot for Sample B1 during initial condition and its final state condition. 
The variation in the final vertical displacement value for each sample indicates that each 
sample was loaded exceeding their Yield strength and cause the material to be 
permanently deformed vertically (bent) between 0.7 - 0.9 mm. Due to the high load 
applied on the sample especially when the stress around the crack exceeded yield stress 
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of the material, this has resulted in the formation of curved contour at the crack tip for the 
sample containing an internal defect. This suggests that the stress around the crack tip has 
exceeded the yield strength and caused the mouth to stretch open. The formation of the 
elliptical contour is load related where it started to appear as the sample is loaded 
exceeding its yield strength and becoming larger in size and magnitude with an increasing 
load. However, the elliptical contour totally dissapeared as the sample is unloaded to 0 
kN which indicate that the crack mouth has completely shut.  
6.4.8 Comparison on major principal strain plot  
The overall trend for each strain plot looks alike whereby highest strain value (red fill) 
was found filling up the crack face on each strain plot in Figure 6-34 and Figure 6-35 
which significantly highlighted the shape of the crack. Based on the strain plot, it is easier 
to quantify the number of the defects since the features of each defect are clearer 
compared to the longitudinal displacement plot. There were also some significant 
differences from the expectation for a sample containing an internal defect, a contour of 
a fish tail shape was formed at the surface crack tip (highlighted with red dash box) as 
shown in Figure 6-34a2, Figure 6-34c2 and Figure 6-35b2. The same phenomena do not 
exist for the sample which does not contain internal defect (Sample B1, C1, and D) 
eventhough the sample was loaded to a maximum load of 150 kN.  
Principal strain plot combines all the axes of deformation where all the ‘clues’ are 
captured here making the finding clearer. Sample A experience highest range of strain 
compared to the other sample because the size of the defect in Sample A was significantly 
larger compared to the defects in the other samples.  This will results in more deformation 
happened on the material within the defect, and it will be expected that high strain will 
accumulate under cylic loading (from repetetive train passed). Any crack face will 
experience the highest strain compared to the neighbouring material under loading. When 
a defect such as crack is under stress, the particular area will experience higher stress 
concentration due to high stress localization, making the material around displace more 
compared to the other area where defect does not exist. The material avove the defect also 
becomes unloaded in bending configuration. The phenomena of fish tail contour that only 
occured for samples containing internal defect shows that the particular area is 
unsupported and would be the best path for the crack to grow (depending on the 
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microstructure around the crack tip). Any internal defect will give a rise on the stress 
localization at the surface crack tip thus producing the fish tail contour ahead of the 
surface crack tip. According to Pattaky, the contour that formed ahead of the crack tip in 
strain distribution represent the plastic zone area [208]. The plastic strains that accrued 
during a loading cycle with an existence of crack will results in the development of plastic 
zone ahead of the crack tip [106]. The symmetrical shape of the plastic zone (fish tail 
contour) found on the strain plot suggest that the material is under mode I pure loading. 
It is expected that if the sample remains in service, the surface crack tip will propagate 
according to the direction of the plastic zone shape.  At this point, it is conclusive that the 
strain plot gives an essential information on the number of surface defects, physical 
appearances, internal defects indication, and also grow path of the defects. 
6.4.9 Three dimensional boundary element modelling 
6.4.9.1 Initial modelling for validation purpose 
Figure 6-36 and Figure 6-37 were generated to show a comparison of the displacement 
plots between modelling and experimental results for Sample A and B1. The internal 
crack was represented in the BEASY model as described in Section 6.3.2. Looking at the 
results, there is good agreement between the modelling work and experimental work. For 
Sample A, the formation of the curved contour that converges on the crack tip is well 
predicted by the model in the longitudinal displacement plot (Figure 6-36a1). The 
formation of the wide curved contour on the lateral displacement plot (Figure 6-36b1) due 
to the opening of the crack face was also predicted by the model similar to what can be 
seen from the experimental displacement plot (Figure 6-36b2). In addition, the model also 
manages to display the opening of the crack tip where the formation of the widely 
distributed curved contour can be seen at the crack tip in both modelling and experimental 
vertical displacement plot (Figure 6-36c1 and Figure 6-36c2). The crack mouth opening 
phenomena was observed from the deformed image (Figure 6-38) in modelling work of 
Sample A. It can be seen that under loading of 150 kN, only a small part of the crack 
experienced the opening of the crack mouth (pointed by black arrows in Figure 6-38).   
The longitudinal displacement plot from the modelling work for Sample B1 (Figure 
6-37a1) also show a similar trend with Sample A modelling results. No intense contour 
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line that could highlight the features of the crack were concentrated on the two shallow 
surface crack that has been modelled. However, there was some disturbance on the 
distribution of the contour lines which located around the surface crack indicating an 
existence of a surface defect. On the other hand, similarities can be seen between the 
lateral displacement plot for modelling and the experimental whereby the formation of 
arrow contour on the crack tip where the apex is pointing to the left of the page can be 
seen on both the model and experimental plots (Figure 6-37). Although principal strain 
plot is valuable where it gives essential information such as the number of defects, 
appearances, etc, it was not available directly from the modelling software. Therefore 
displacement plot is used to make a comparison between the model and experimental 
results. 
6.4.9.2 Modelling 45° transverse defect in rail 
The comparison of the modelling output for longitudinal and lateral displacement plot 
between transverse crack, shallow surface crack (similar to sample B1), and the V shape 
surface breaking crack (representing sample A) is shown in Figure 6-39. The longitudinal 
displacement plot show similar trend for all of the case modelled where curved contours 
were found to converge on the crack tip. On the other hand, some significant difference 
can be found from the trend of the lateral displacement plot. The formation of the wide 
curved contour due to the opening of the crack face for the transverse defect (Figure 
6-39b1) shows a symmetrical contour formation compared to models of Sample B1 
(Figure 6-39b2)  and Sample A (Figure 6-39b3). 
45° transverse defect will have a symmetrical crack face opening due to its orientation 
where it grows deep vertically into the material without any angle. Since the crack on 
Sample A grew into the material with a shallow angle, the opening of the crack face will 
be asymmetrical where one side of the crack face will open on the surface while the other 
side opens into the material as shown in Figure 6-40. This will affect the distribution of 
the contour line and results to a different formation of the wide curved contour on the 
lateral displacement plot. The difference on the crack face opening phenomena gives a 
very good indication to distinguish between transverse defect with another type of defect.  
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6.5 Summary 
The limitations (high cost, inaccurate output, delays) of some current practice on crack 
detection in rail has provided a need to develop a non contact method that could detect 
the presence of defects along with additional information that could be used for further 
analysis. The results show that DIC technique was found to be useful not only for defect 
detection in rail, but also provide additional information such as defect visualization, 
defect population, and maximum strain field location. On top of that, defect with a smaller 
size which could not be observed by naked eye can be visualized easily using this 
technique. The results in this chapter represent a proof of concept, but much further work 
is needed to move towards a robust technique for application in the field.  
The BE modelling technique was found to be reliable for modelling different type of 
defect since the modelling results show good agreement with the experimental results. 
Modelling results show that there is a clear indication to distinguish between transvere 
defect with another type of defect based on the opening of the crack face. Therefore there 
is a high potential for this method to detect the presence of transverse defect to overcome 
the limitation of the current defect detection practice. If this method can be combined 
with the ultrasonic method, further analysis can be made using the modelling technique 
to estimate the life of the rail containing a different type of defect. Testing on a full scale 
rail along with modelling different type of defect such as defects that initiated from the 
subsurface is the subject of future research to extend this proof of concept. 
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6.6 Tables and figures 
Table 6-1 R260 grade rail properties used in the modelling section, taken from [209] 
Properties Value 
Ultimate tensile strength 923MPa 
Yield strength 528MPa 
Young Modulus (E) 210 GPa 
Poisson ratio 0.25 
 
 
Table 6-2 Details of the defects found on Sample 1. Sample length 1240mm. Location of the surface defect and 
subsurface defect (mark on the gauge corner of the rail) was determined from left to right of Figure 6-15. 
Image 
number 
Description Location of 
surface defect 
(cm) 
Location of 
subsurface 
defect (cm) 
1 V surface crack 24.5-25.5 22-26.5 
2 V surface crack 31-32 , 33.5-34.5 29.5-34.5 
3 Surface crack 39-40 39-39.5 
4 Depression (dark marking) 45-46 45.5-46 
5 Squat 86.5-87.5 85-89 
6 Surface crack 92-93 91-94 
7 Surface crack 108-108.5 107.5-108.5 
 
 
Table 6-3 Details of the defects found on Sample 2. Sample length 1378mm. Location of surface defect and 
subsurface defect (mark on the gauge corner of the rail) was determined from left to right of Figure 6-16 
Image 
number 
Description Location of 
surface defect 
(cm) 
Location of 
subsurface 
defect (cm) 
1 Squat 17-20.5 17-19.5 
2 Squat 28.5-30.5 , 32-33.5 28-33 
3 Depression (dark marking) 39.5-40.5 40-42 
4 Baby squat (very small squat) 69-69.5 69-70 
5 Baby squat (very small squat) 75.5-77 75-78 
6 Surface crack 91.5-95 91-96 
7 Surface crack 102 101.5-102.5 
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Figure 6-1 Vertical deflection of a rail due to bending load from a single wheel [202] 
 
 
Figure 6-2 Sample 1 has been marked on its side showing an estimated location of the defect. 
 
 
Figure 6-3 GM100 ultrasonic thickness gauge couple with 10mm diameter transducer. Working frequency 5MHz, 
accuracy ±1%, and thickness measuring range of 1.2-225mm (steel). 
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Figure 6-4 A 5x5mm grid drawn on the rail surface to map the location of subsurface defects 
 
 
 
 
Figure 6-5 Internal defect was identified on Sample 1 with a depth of 2.2mm from the rail surface. 
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Figure 6-6 Four samples have been selected and machined 30mm from the railhead surface and section to a length 
of 500mm for bending test. 
 
 
 
Figure 6-7 Random speckles pattern created on Sample A 
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Figure 6-8 Schematic diagram of the four point bending test which incorporates 3D DIC technique 
 
 
Figure 6-9 Four point bending test with application of DIC 
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Figure 6-10 Two different regions of interest (ROI) considered for Sample B. Red square denotes the area containing 
internal defect (first test) while the blue box is free from internal defects (second test). ‘X’ marked the location of 
internal defect 
 
 
 
 
Figure 6-11 Two different regions of interest (ROI) considered for Sample C. Red square denotes the area containing 
internal defect (first test) while the blue box is free from internal defects (second test). ‘X’ marked the location of 
internal defect 
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Figure 6-12 BEM model for V shape shallow angle surface breaking crack (similar to Sample A). Green triangle 
represents full constraint in the vertical direction (Y axis), pink kink line depicts spring boundary condition with a 
stiffness of 0.1kN in longitudinal (Z axis) and lateral (X axis) direction, yellow arrow potray line force contact and red 
dashed arrow showing the location of the semi eliptical crack. (a) isometric view. (b) top view. (c) front view. (d) side 
view. 
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Figure 6-13 BEM model for vertical shallow surface breaking crack (similar to Sample B1). Two cracks were modelled 
instead of three (Sample B1). Green triangle represents full constraint in the vertical direction (Y axis), pink kink line 
depicts spring boundary condition with a stiffness of 0.1kN in longitudinal (Z axis) and lateral (X axis) direction, 
yellow arrow potray line force contact and red dashed arrow showing the location of the semi eliptical crack. (a) 
isometric view. (b) top view. (c) front view. (d) side view. 
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Figure 6-14 BEM model for transverse crack. Green triangle represents full constraint in the vertical direction (Y axis), 
pink kink line depicts spring boundary condition with a stiffness of 0.1kN in longitudinal (Z axis) and lateral (X axis) 
direction, yellow arrow potray line force contact and red dashed arrow showing the location of the semi eliptical 
crack. (a) isometric view. (b) top view. (c) front view. (d) side view 
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Figure 6-15 Defect appearance on the rail surface of Sample 1 which contained internal defect underneath them. The red arrow shows the location of each defect on the rail surface. 
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Figure 6-16 Defect appearance on the rail surface of Sample 2 which contained internal defect underneath them. The red arrow shows the location of each defect on the rail surface. 
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
A                
a                
B                
b                
C       2.2         
c      2.6  2.4        
D     3.5           
d      2.1          
E                
e                
F                
Figure 6-17 Internal defect mapping and its depth from the surface for Sample 1, defect 5. Colours represent the 
depth of defect from the surface. Black: 1.0 – 1.9 mm, blue: 2.0 – 2.9 mm, and red: 3.0 – 3.9 mm. 
 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
A                
a                
B                
b      3.3          
C       3.5         
c      1.6  2.4  3.2      
D       3.3  2.3  3.5     
d      2.6  1.7  3.3      
E         1.8  1.6     
e                
F                
Figure 6-18 Internal defect mapping and its depth from the surface for Sample 2, defect 1. Colours represent the 
depth of defect from the surface. Black: 1.0 – 1.9 mm, blue: 2.0 – 2.9 mm, and red: 3.0 – 3.9 mm. 
 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
A                
a                
B     1.8  2.1         
b    2.5  2.1    2.2      
C   3.2  2.6  2.3    2.3  3.8   
c    2.7  3.2  3.3        
D                
d                
E                
e                
F                
Figure 6-19 Internal defect mapping and its depth from the surface for Sample 2, defect 2. Colours represent the 
depth of defect from the surface. Black: 1.0 – 1.9 mm, blue: 2.0 – 2.9 mm, and red: 3.0 – 3.9 mm. 
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Figure 6-20 Sample A - Squat type defect with largest internal defect size. 'X' marked the location of the internal 
defect. 
 
 
Figure 6-21 Sample B – Baby squat defect with medium internal defect size. 'X' marked the location of the internal 
defect. 
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Figure 6-22 Sample C – Pitting and surface breaking crack with smallest internal defect size. ‘X' marked the location 
of the internal defect. 
 
 
 
Figure 6-23 Sample D – Surface crack without any internal defects 
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Figure 6-24 DIC ROI and longitudinal displacement plot for Sample A in the XY plane. (a) Image of the defect taken 
with a normal digital camera before bending test, red box represent the area for DIC ROI and X marked the location 
of the internal defect. (b) Longitudinal displacement plot from the DIC before the load is applied- initial condition. (c) 
Longitudinal displacement plot under vertical loading of 39 kN. (d) Longitudinal displacement plot under vertical 
loading of 78 kN. (e) Longitudinal displacement plot under vertical loading of 150 kN.  (f) Longitudinal displacement 
plot once the test ended, final state. 
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Figure 6-25 Von Mises Strain percentage for V shape crack on Sample A under: (a) maximum loading of 150 kN, (b) 
unloaded to final condition of 0 kN. (a1) and (b1) focused on the V shape crack with speckle pattern covering the 
sample surface. 
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Figure 6-26 DIC ROI (left) and longitudinal displacement plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample A, containing internal defects within DIC 
ROI. (b1-b2) Sample B1, does not contain internal defects within DIC ROI. (c1-c2) Sample B2, containing internal 
defects within DIC ROI. 
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Figure 6-27 DIC ROI (left) and longitudinal displacement plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample C1, does not contain internal defects 
within DIC ROI. (b1-b2) Sample C2, containing internal defects within DIC ROI. (c1-c2) Sample D, does not contain 
internal defects within DIC ROI. 
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Figure 6-28 DIC ROI (left) and lateral displacement plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample A, containing internal defects within DIC 
ROI. (b1-b2) Sample B1, does not contain internal defects within DIC ROI. (c1-c2) Sample B2, containing internal 
defects within DIC ROI.   
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Figure 6-29 DIC ROI (left) and lateral displacement plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample C1, does not contain internal defects 
within DIC ROI. (b1-b2) Sample C2, containing internal defects within DIC ROI. (c1-c2) Sample D, does not contain 
internal defects within DIC ROI. 
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Figure 6-30 (a) Squat type in rail consisting of a V shape surface crack (marked with red dash line) and dark spots 
with an appearance of kidney shape [210]. (b) Lateral displacement plot for Sample A with a curve contour 
(turquoise fill) under loading of 150 kN forming kidney shape similar to typical squat defect. Red dash line represents 
shape of surface crack. 
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Figure 6-31 DIC ROI (left) and vertical displacement plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample A, containing internal defects within DIC 
ROI. (b1-b2) Sample B1, does not contain internal defects within DIC ROI. (c1-c2) Sample B2, containing internal 
defects within DIC ROI. 
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Figure 6-32 DIC ROI (left) and vertical displacement plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample C1, does not contain internal defects 
within DIC ROI. (b1-b2) Sample C2, containing internal defects within DIC ROI. (c1-c2) Sample D, does not contain 
internal defects within DIC ROI. 
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Figure 6-33 Vertical displacement plot for Sample B1: (a) initial condition, before any vertical loading is applied. (b) 
final state, loaded to 150 kN and unloaded to 0 kN vertical loading.  
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Figure 6-34 DIC ROI (left) and principal major strain plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample A, containing internal defects within DIC 
ROI. (b1-b2) Sample B1, does not contain internal defects within DIC ROI. (c1-c2) Sample B2, containing internal 
defects within DIC ROI. 
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Figure 6-35 DIC ROI (left) and principal major strain plot (right) under 150 kN vertical loading. Red and blue box 
represent DIC ROI. Internal defect location marked with “X”. (a1-a2) Sample C1, does not contain internal defects 
within DIC ROI. (b1-b2) Sample C2, containing internal defects within DIC ROI. (c1-c2) Sample D, does not contain 
internal defects within DIC ROI. 
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Figure 6-36 Comparison on displacement plot between modelling (left)  and experimental results (right) for Sample 
A. (a) longitudinal displacement plot. (b) lateral displacement plot. (c) vertical displacement plot. White dash line 
was superposed in the image to represent the crack modelled. 
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Figure 6-37 Comparison on displacement plot between modelling (left)  and experimental results (right) for Sample 
B1. (a) longitudinal displacement plot. (b) lateral displacement plot. White dash line was superposed in the image to 
represent the crack modelled. 
 
 
Figure 6-38 Opening of the crack tip that caused the formation of elliptical contour on the crack tip in the vertical 
displacement plot for Sample A. Two blacks arrows are pointing to the location of the crack tip. Red sketch 
represents deformed shape while turqoise represent the original shape. The image was scaled up to a factor of 5 for 
clarity. 
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Figure 6-39 Comparison on the longitudinal displacement plot (a – left) and lateral displacement plot (b – right) 
between transverse crack defect (a1 and b1), representing Sample B1 (a2 and b2), and representation of Sample A (a3 
and b3) from the modelling results. White dash line was superposed in the image to represent the crack modelled for 
each case. 
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Figure 6-40 Opening of the crack face for (a) transverse crack and (b) shallow angle surface breaking crack. Red 
triangle represents crack in a material. Black dash arrow represents the opening direction of the crack face. 
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CHAPTER 7  
 
CONCLUSIONS 
7.0   Conclusions      
The key contribution of this work are: 
 Provide better understanding of squat type defects and classical squats 
 Provide understanding of the growth pattern of cracks under the effect of thermal 
input and metallurgical transformed layer which could serve as a basis for 
maintenance schedules (grinding) 
 Introduce a possible control measure that could suppress crack development in 
rail 
 Introduce a proof of concept to detect and classify defect in rails without resulting 
in delays and disruptions to the train operation.  
The research presented in this thesis is concerned with squat type defects in rail, which 
were reported to appear in several locations across the globe where the cost incurred for 
their removal leads to a major increase of track maintenance cost. These defects have 
superficial similarities with the classical RCF squat, however, it was suggested in the 
literature that the squat type defects are associated with thermal input rather than a 
ratchetting phenomenon that is responsible for the formation of classical RCF squats. 
Limited research has been undertaken since their discovery leaving them poorly 
understood especially on their initiation and propagation mechanism. 
The investigation of squat type defects in rail through a series of visual observations and 
morphological analysis on a rail that has been removed from service was undertaken at 
the preliminary stage of the research as described in chapter 3. These investigations 
provide very useful data to be used for further analysis in order to better understand these 
defects. The results clearly suggest that fluid entry as observed with RCF classical squats 
was not responsible for the growth of squat type defects since no sign of corrosion on the 
crack faces can be seen on any of the samples investigated. The presence of WEL with 
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minimal plastic flow strongly suggests that thermal input is responsible for the initiation 
and propagation of squat type defects. However, it was not possible to measure the effect 
of WEL on the growth of squat type defect directly from this preliminary investigation. 
Therefore, two configurations of subsurface crack as observed from morphological 
analysis were selected and considered in chapter 4 and 5 to understand the influence of 
WEL on the initiation and propagation of subsurface cracks as observed in chapter 3.  
The influence of steel transformation to WEL on a crack that has already initiated was 
investigated in chapter 4. For this purpose, the configuration of crack as observed in 
chapter 3 was modelled where the configuration represents a simplified horizontal 
subsurface crack that developed in undeformed steel with WEL above the crack. The 
results highlight that WEL can accelerate the growth of cracks below it through locked in 
stress due to the metallurgical transformation from pearlite to martensite which causes a 
local increase in the volume of the rail steel. Additional thermal stress that occurred due 
to the high temperature of the wheel under operation would also enhance the development 
of the crack through an increase in mode II stress intensity factor. A possible control 
measure that could suppress crack development is introduced once the effect of WEL and 
the growth pattern is well understood. While promising, this modelling work only 
considers a single configuration of WEL with a single thickness and length but results 
from track sample in the previous chapter show that WEL appears in different dimensions 
(patches with different length and thickness). Therefore, the configuration of a different 
form of WEL was considered in chapter 5 to provide more understanding of how a 
combination of larger defects with a different configuration of this WEL transformed region 
will affect the growth of a crack. 
In chapter 5, a crack that initiated from a large void was modelled using boundary element 
model to investigate the repercussion of white etching layer configuration on larger 
defects in rail. The configuration studied represents a large defect in the rail that was 
observed during the preliminary investigation as described in chapter 3. Several different 
cases were considered which include thin, thick, longer, and patches of WEL. These 
investigation has provided a better understanding of how a crack initiated from a larger 
defect grows under the effect of WEL. The results highlight that different configuration 
of WEL will accelerate the growth of the crack at different rates in which a thicker 
transform region dominates the growth of the crack since the crack tip experienced a 
higher level of stresses which affect both mode I and mode II stress intensity factor. The 
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crack growth predicted in this study for a small crack size is at least 6 times higher than 
the wear rate mentioned in the literature and will increase further if the expansion of a 
transformed layer is considered making it impossible to be removed by natural wear. This 
suggests that detection of this kind of defect is the key in order to monitor its growth 
behaviour before it leads to catastrophic failure. However, if smaller defects are presence 
above these larger defect, this could mask the ultrasonic signal during inspection that 
prevents its detection. Therefore, a new method of detection is needed to overcome these 
issue and were discussed in chapter 6. 
A non-contact method that could detect the presence of defects (surface and internal 
defects) has been explored in chapter 6 by applying a digital image correlation (DIC) 
technique. The results highlight that this method is reliable and effective at detecting 
damage in rails. The results suggest that DIC technique is useful not only for defect 
detection in rail, but can also provide additional information such as defect visualization 
and defect population. In addition, any defect with a smaller size which could not be 
observed by naked eye can be visualized easily using this technique. However, the work 
discussed in chapter 6 only represents a proof of concept where much further work is 
needed to move towards a robust technique for application in the field.  
With the understanding acquired from this study, it was found that the formation WEL 
especially near/above squat type defect would accelerate the development of these 
defects. Therefore, removing the layer in these problematic regions through scheduled 
grinding would be useful as a practical measure to suppress the growth of these defects. 
As understanding of the growth pattern of the defects under different conditions 
improves, the growth rate prediction could be used as a guideline to predict the right 
frequency of grinding in order to ensure system safety and reduce system infrastructure 
maintenance cost at the same time.   
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CHAPTER 8  
 
FUTURE WORK 
8.0   Recommended further investigations 
The work presented in this thesis has provided a better understanding on the role of 
thermal input (in the context of metallugically transformed layer) in squat type defects in 
rail. However, the work has not been completely exhaustive where further investigation 
can be undertaken to understood additional aspects of the squat type defect. 
Although the work presented in chapter 4 suggests that the formation of WEL above a 
defect can enhance the growth of the crack significantly, the growth rate predicted for the 
defect was calculated based on incline crack growth law for BS11 rail steel. However, the 
squat type defect was observed to form as a horizontal subsurface crack in R260 grade 
rail steel. A more specific crack growth law for modern rail steels would be a useful area 
for future research to provide an accurate prediction of crack growth under different 
material and different configuration. This could be achieved using a similar method as 
described in the literature [120] by considering different crack configurations on a 
different type of cruciform material. 
The work considered in chapter 4 also indicates that suppression of crack growth is 
possible if metallurgical transformation through thermal input produces contraction rather 
than expansion of the microstructure. This indicates that it would be beneficial to study 
steel chemistry that can achieve this behaviour. This may involve performing some tests 
on a range of existing rail steels to identify whether any existing material already has this 
beneficial property. If such behaviour does not exist, selecting steel metallurgy that are 
able to reduce the level of expansion when the metallurgical transformation takes place 
following thermal input would be beneficial in order to be used as a coating material or 
as whole rails to supress any subsequent crack growth.  
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The results obtained from chapter 4 show that contraction of the metallurgical 
transformed region might be beneficial to suppress the subsequent growth of horizontal 
near surface crack. With respect to the in-depth case study on the repercussion of white 
etching layer configuration on larger defect / void as presented in chapter 5, the results 
indicates that no matter what the configuration of WEL are (patches, different length and 
thickness), the presence of WEL will still accelerate the growth of the crack especially 
when the crack has initiated from a larger defect such as void. Therefore it would be 
useful to consider the contraction layer cases in the model to investigate whether the 
contraction layer would be beneficial to supress the effect of the larger defect/void that 
acts as stress concentrator which leads to faster crack growth. 
It should be noted that the work undertaken in both chapter 4 and 5 assumed that the crack 
extends along its original plane since the predicted mode II stress intensity factor exceed 
the shear mode threshold given by Otsuka [121]. However, in general, the crack would 
branch in a different direction due to the effect of mode I stress intensity factor. Therefore, 
it would be useful to include the crack branching prediction [211] in these models to 
investigate whether the effect of thermal input would lead to spalling effect or transverse 
defect. Furthermore, the model developed in both chapter 4 and 5 were performed based 
on two dimensional model in which the effect of lateral stresses was not considered. 
Lateral stresses could be generated either by steering forces or as a result from 
metallurgical transform layer. Therefore, extending this work in three dimensional model 
would provide full understanding on the growth pattern of squat type defects under a 
combination of all stresses.  
The results presented in chapter 6 represent a proof of concept as the first stage toward a 
robust technique for application in the field. Since the specimen considered in chapter 6 
only involved a railhead containing defects (not the full geometry), testing on a full scale 
rail would be beneficial to extend this proof of concept. Furthermore, only samples 
containing surface and internal defects were investigated, and validation between 
modelling work and experimental work could not be made for defects that solely occurred 
in the subsurface region. Thus, it would be interesting to perform similar tests on a variety 
of rails containing defects, in order to validate the capability of this technique in 
predicting failure caused by all different types of defect.  
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Thermal damage of rails can occur through brake lock-up, or traction control system failure to prevent
wheel spin. In most cases the damage produced is shallow and takes the form of a “white etching layer”,
usually thought to have a martensitic structure, formed as the steel is heated above its eutectoid tem-
perature and then rapidly cooled as the wheel moves away. In many cases such layers are benign, but
there is evidence of crack initiation at their interface with the sub-surface layers of the rail in “stud”
defects. The metallurgical transformation during the formation of white etching layers leads to a volume
change for the steel, leaving not only a transformed microstructure, but also locked-in stress. The
inﬂuence of this additional locked-in stress on development of an initiated crack is studied in this paper,
and the work extended to consider how alternative materials which react differently to the thermal input
may offer a means to suppress crack development through locking in beneﬁcial rather than problematic
stresses.
& 2016 Elsevier B.V. All rights reserved.1. Introduction
This paper presents an extension to previous research investi-
gating thermal inﬂuence on crack growth in rails. The origin of the
work is in building understanding of “stud” type defects which
have been identiﬁed on railways and metros worldwide [1]. These
have superﬁcial similarities to squat defects, but are almost always
associated with severe thermal input evidenced through the pre-
sence of thin (100 μm) white etching layer at the rail surface
above the defects. Fig. 1 shows the morphology of a typical defect
of this type.
White etching layer on the rail surface can be formed either
through extreme mechanical work [2] or by a thermal process [3]
often due to brake lock-up, or traction control system failure to
prevent wheel spin. Evidence from defects cut open for exam-
ination is that plastic damage is almost completely absent in stud
defects [4], so thermal input in the generation of the WEL has been
examined. Severe thermal input has three main consequences,
which last over different durations: (i) temporary thermal
expansion of the steel, (ii) permanent metallurgical transformation
of the steel to WEL, and (iii) permanent locked-in stress produced
by the change of material volume associated with the metallur-
gical transformation. In the previous investigation [5] only addi-
tional stress due to cause (i) was considered for its effect on stressletcher).
.H. Sanusi, The potential fo
://dx.doi.org/10.1016/j.wear.intensity factors (SIFs) describing growth of an already initiated
defect. In this paper the change of volume (cause iii) is brought in
as an additional phenomena in the modelling, opening up two
routes of investigation. First, taking expansion characteristic of
current rail steels undergoing transformation to WEL and exam-
ining the inﬂuence of the additional stress produced by this
expansion. Second, using the same model in a design capacity to
assess the most beneﬁcial expansion (or contraction) which a heat
affected area may exhibit if it is to suppress crack growth, i.e.
assuming that initiation of damage still occurs, how can a future
rail material be created to suppress the growth of the initiated
defect. A wheel running temperature of 300 °C is considered,
separate to the prior severe thermal event [6].2. Modelling method and conditions
Modelling was conducted using a boundary element (BE)
analysis in the Beasy software package [7] and considered cracks
of 1 mm to 15 mm long, 1 mm deep, parallel to the surface of a rail.
This crack conﬁguration was chosen as a simpliﬁed representation
of the “stud” crack type shown in Fig. 1. This type of crack is found
in undeformed steel, and the crack sizes modelled were large
relative to the microstructure dimensions, hence the model was of
stress controlled crack growth, which was quantiﬁed by fracture
mechanics. Microstructural anisotropy which would be important
if there was extensive shear of the steel (typically affecting cracks
much closer to the rail surface) was absent. The model (Fig. 2) usedr suppressing rail defect growth through tailoring rail thermo-
2016.06.022i
Fig. 1. Example of “stud” defect morphology below the running band in a long-
itudinal cross-section from a high speed mixed trafﬁc line. The central portion of
the crack is close to horizontal and lies at approximately 1 mm below the rail
surface in an undeformed microstructure. The white marker above the rail surface
indicates the location of a patch of white etching layer on the rail surface. The
surface depression and plastic deformation characteristic of a “squat” defect are
absent.
Fig. 2. BE model of rail–wheel contact with horizontal crack of 1 mm located 1 mm
below the rail surface. 2 mm length of metallurgically transformed layer with
100 μm thickness from a previous thermal event is shown grey. The heat source
moves together with the contact load traversing the rail surface.
Table 1
Conditions modelled.
Case Expansion due to transformation
(%)
Rail–wheel contact temperature
rise (°C)
1 0 0
2 0.8 0
3 0.8 300
4 1.3 0
5 1.3 300
6 0.8 0
7 0.8 300
D.I. Fletcher, S.H. Sanusi / Wear ∎ (∎∎∎∎) ∎∎∎–∎∎∎2a 2D plane strain representation of the rail–wheel contact, with a
maximum Hertzian contact pressure of 1014 MPa. Surface and
crack face friction coefﬁcient was taken as 0.3, with a contact half-
width of 5 mm. This pressure and contact size correspond to a
wheel of 780 mm diameter and 6.5 t axle load running on a UIC60
rail worn to a slightly ﬂatter than new condition crown radius. The
2D model was able to represent vertical and longitudinal stresses
that characterise wheel motion in straight track, but could not
represent the lateral forces or lateral crack growth that can be
signiﬁcant in curved track. This disadvantage was set against sig-
niﬁcantly lower solution times, enabling a wider range of condi-
tions and crack sizes to be studied. The contact was taken to be
fully sliding, with shear traction distribution across the contact
deﬁned by the product of Hertzian normal load distribution mul-
tiplied by friction coefﬁcient. The conditions modelled are shown
in Table 1. Metallurgical transformation of the pearlite to mar-
tensite was simulated on a macro scale through bulk expansion or
contraction of the heat affected zone, not by modelling the
thermo-mechanical behaviour of the microstructure itself. The
expansion depends on the speciﬁc alloy composition of the steel,
with two different cases considered in the paper alongside the
‘artiﬁcial’ contraction cases used for the design study.Please cite this article as: D.I. Fletcher, S.H. Sanusi, The potential fo
mechanical properties, Wear (2016), http://dx.doi.org/10.1016/j.wear.2.1. Density based calculation of volume change
Values for the metallurgical transformation volume change of
the heat affected area can be generated using either a density or an
atomic volume based approach. To assess the change based on
density, the density of pearlite was calculated by taking the den-
sity of its constituents ferrite (α iron, 7870 kg/m3) and cementite
(Fe3C, 7700 kg/m3) and their weight percentage, assuming a
eutectoid composition steel with 0.77% carbon for which the
weight fractions of ferrite to cementite are 8:1 [8]. This gives a
density of pearlite with 0.77% C as 7851.1 kg/m3, although this
takes no account of the effect of other alloying elements on the
density. The density of martensite is available from literature [9],
although its value is sensitive to plastic deformation. This is par-
ticularly relevant to rail steel surfaces where plastic deformation of
pearlite is common, although the increased hardness of martensite
after transformation may protect it from further deformation.
Density prior to plastic deformation [9] is 7790 kg/m3, but may
drop to 7785 kg/m3 with 5% plastic deformation. Assuming the
value for zero plastic deformation applies, the change from pear-
lite to martensite reduces density to 7790/7851.1¼99.22% through
an expansion of 0.78% in volume. The expansion would be greater
after plastic work. A value of 0.8% is used in Table 1 to capture this
process.
2.2. Atomic volume change approach
An alternative to the bulk density based approach is to use
atomic volume data for steel microstructures [10]. Taking carbon
as a weight percentage (C) and atomic volume in Angstroms
cubed, values are pearlite (11.916), austenite (11.401þ0.329C), and
martensite (11.789þ0.370C). Considering a carbon fraction of
0.77% this indicates a change of atomic volume from 11.916 Å3 to
12.0739 Å3 with the transformation from pearlite to martensite i.e.
a volume expansion of just over 1.3%. Following similar reasoning
the change from austenite to martensite is predicted to give an
atomic volume increase of around 3.6%, which is in agreement
with literature data for this transformation [11]. A value of 1.3% is
used in Table 1 to capture this approach for the pearlite to mar-
tensite volume change.
2.3. Implementation of volume change in modelling
The exact value of volume change with transformation will
depend on the steel chemistry, and also the exact thermal path
taken as the steel is heated and cooled, but the methods outlined
above gave a reasonable range for which modelling could be
conducted to investigate the effect on cracks in a rail. To represent
the expansion and contraction through transformation of a surface
layer in the BE model a thermal body load was applied to the
whole of the transformed layer (regardless of contact size or
position) using a temperature calculated to achieve the required
volumetric expansion [12]:
ΔV
V0
¼ 3αΔT ð1Þ
where ΔV/V0 is the volume change ratio, α is the thermal linear
expansion coefﬁcient for the material and ΔT is the temperature
difference. It should be noted that this is simply a convenient way
to implement expansion or contraction within an existing struc-
ture without modelling microstructural change or applying a
mechanical load. It is an artiﬁcial temperature value, distinct from
the thermal boundary condition applied to represent the passing
of a hot wheel over the rail with which it is combined using
superposition.r suppressing rail defect growth through tailoring rail thermo-
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D.I. Fletcher, S.H. Sanusi / Wear ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3For the case with a rail–wheel contact temperature rise, it was
assumed that the rail surface was heated in the wheel contact
area, and was elsewhere at 20 °C. This was intended to simulate
‘ﬂash’ heating of the rail surface followed by rapid cooling as the
contact moves away. The properties of the rail steel were Young's
modulus, 210 GPa, Poisson's ratio, 0.3, and thermal linear expan-
sion coefﬁcient of 13 μm/mK. To identify the peak and range of
stress intensity factors during the passage of a wheel, contact
positions at 2.5 mm increments were examined up to 15 mm
either side of the crack centre. No crack growth rate law exists
speciﬁc to the loading and crack conﬁguration used in the current
investigation. Therefore, indicative crack growth rates were cal-
culated using the lower bound method developed for inclined
surface breaking cracks in rail steel [13,14]. Although the crack
conﬁguration differs this growth law was generated using a nor-
mal grade rail steel and there is similarity in the combination of
mode I and II loading for a crack under compression. A more
speciﬁc growth law for modern rail steels would be a useful area of
future research.3. Results & discussions
All the cases listed in Table 1 were investigated for a 1 mm
crack length to examine a crack which has already initiated but not
yet grown signiﬁcantly. Modelling was also performed for a range
of crack lengths from 2 to 15 mm but for economy of modelling
these cases exclude conditions 4 and 5 (1.3% expansion due to
transformation) since trends are visible from the baseline case and
for 70.8% expansion cases. For each condition modelled the range
of stress intensity factor was assessed by considering the move-
ment of a wheel incrementally across the crack (Fig. 3), generating
a series of SIFs. The combined action of traction and normal stress
is indicated in the ﬁgure, and results in asymmetry of the results
for left and right crack tips. Results are presented as stress inten-
sity factors in Figs. 4–6, in which the origin is at the centre of the
crack, hence crack tips will lie to the left or right of the origin
according to crack size. Stress intensity factors are converted to
indicative crack growth rates shown in Fig. 7. As an addition to the
SIF data, Table 2 shows stress calculated for a point 1 mm below
the centre of the contact and white etching layer region, but
without a crack present. This indicates that thermal expansion is
particularly inﬂuential on longitudinal stress, and to a lesser extent
on lateral stress, while metallurgical transformation has a strong
inﬂuence on longitudinal and vertical stress in the rail. These
stresses are for just a single location, and it is their combination
throughout the rail during passage of the wheel that determines
the SIFs for each case considered.
3.1. Stress intensity factor dependence on crack size
Fig. 4 shows the trends observed in KI and KII values for the left
and right crack tips. These plots are for condition 1 (no expansion/Fig. 3. A series of analyses are performed with incremental movement of the
contact across the crack. The origin of the position is measured from the crack
centre.
Please cite this article as: D.I. Fletcher, S.H. Sanusi, The potential fo
mechanical properties, Wear (2016), http://dx.doi.org/10.1016/j.wear.contraction, no thermal input). For the left crack tip (Fig. 4a), KI
shows a rise with increasing crack size, but is small even for a
15 mm crack. For comparison a threshold stress intensity factor of
6 MPa m1/2 for tensile growth of cracks in carbon steel is available
from Otsuka et al. [15] and has been applied in previous work on
crack growth in rail steel [16,17]. The mode II data for the left crack
tip (Fig. 4b) shows much larger stress intensity factor values, but a
low sensitivity to crack size of the total range during passage of the
contact. The values for shear mode growth comfortably exceed the
1.5 MPa m1/2 shear mode threshold given by Otsuka et al. [15].
At the right crack tip both mode I and II SIF ranges show rising
trends with increasing crack size (Fig. 4c and d). The mode I values
are very small, but the mode II values are comfortably above
threshold. Assuming applicability of the crack growth law pre-
viously developed for inclined surface breaking cracks, Fig. 7 and
Table 3 show the outcome of mixed mode growth. There is a
plateau in growth rate with increasing crack size for the left tip,
but raising rates with increasing size at the right tip. This reﬂects
similar trends in peak mode II SIF with increasing crack size for the
left and right cracks (Fig. 4b and d) and its strong inﬂuence over
predicted crack growth rate. In crack growth for inclined surface
breaking cracks it is thought that a small mode I crack opening
stress (even if itself below threshold) can “unlock” mode II growth
through helping to overcome crack face friction [18]. In the current
results high values of mode II are predicted even with almost zero
KI at the right tip, although larger KI values are predicted at the
left. This may inﬂuence the tendency of the right side crack to
branch (the usual mode II growth behaviour), whereas prolonged
co-planar growth may be possible with the higher mode I levels at
the left tip. This is an aspect of the growth which requires further
investigation, to better understand if and how the inclined surface
breaking crack behaviour translates to these horizontal embedded
cracks, and how they branch and propagate.
3.2. Effect of expansion and contraction of a thin surface layer
Fig. 5 shows the effect on mode I and II stress intensity factor of
expansion or contraction of a surface layer due to metallurgical
transformation, focusing on just the 1 mm length crack left tip.
These data are generated without additional thermal stress as the
wheel passes. Results for the right crack tip and at other crack
sizes exhibit similar behaviour. The baseline case 1 is also inclu-
ded. Values of KI rise well above the baseline when expansion of a
thin surface layer is considered. Positive KI values are present
when the contact is absent, i.e. the crack becomes subject to a
static mode I stress which is relieved as the compressive contact
passes, producing a stress cycle. This is the case for the 1 mm crack
which is short relative to the 2 mm transformed layer considered,
but this effect diminishes as the crack exceeds the size of the
transformed region. The values of KI are low, in part because this is
a small crack size, but they rise in proportion to the degree of
expansion of the surface layer, representing possible reactions of
different steel metallurgies (case 2 and 4, 0.8% and 1.3% expansion
respectively). For the case of a 0.8% contraction of the surface layer
(case 6) KI is maintained at zero whatever the contact position.
For mode II under the same conditions moderate changes take
place in the peak values determining stress intensity factor range
during passage of the contact, but the overall form of the curves is
similar for all cases. Inset graphs (Fig. 5b) enable the order of the
peak values to be identiﬁed. It can be seen that expansion of the
surface layer increases the magnitude of both positive and nega-
tive peaks (dependent also on the level of expansion). Further-
more, contraction of the surface layer reduces the peak magni-
tudes, and hence the stress intensity factor range. Although the
number of contact positions examined is limited, the relative size
of the contact and crack mean the peak position is known inr suppressing rail defect growth through tailoring rail thermo-
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Fig. 4. Stress intensity factor dependence on contact position. (a) left tip mode I, (b) left tip mode II, (c) right tip mode I, and (d) right tip mode II.
Fig. 5. Effect of metallurgical expansion and contraction (represented as density change) on stress intensity factor for 1 mm crack, left crack tip. (a) Mode I, and (b) mode II.
Legend entries refer to cases in Table 1.
D.I. Fletcher, S.H. Sanusi / Wear ∎ (∎∎∎∎) ∎∎∎–∎∎∎4advance and can be accurately captured. The ranges can be seen
numerically in Table 4. The changes are small, but when converted
to crack growth rates (assuming applicability of the crack growth
law), they raise or lower the crack growth rate relative to the
baseline case across the range of crack sizes investigated, as
indicated in Fig. 7 and Table 3.
3.3. Effect of thermal input from passing wheels
Fig. 6 shows a selection of cases to highlight the effect of
additional thermal input from warm wheels passing a site of
previous thermal damage with metallurgical transformation.
Expansion and contract by 0.8% is considered, but the 1.3% cases
are excluded from the plot for clarity. From Fig. 6a for mode I it can
be seen that the thermal input considered (dotted lines) makes
insigniﬁcant changes to the stress intensity factor. The behaviour isPlease cite this article as: D.I. Fletcher, S.H. Sanusi, The potential fo
mechanical properties, Wear (2016), http://dx.doi.org/10.1016/j.wear.dominated by the effect of metallurgical expansion relative to the
base case (producing a rise in KI values), or contraction (for which
KI is maintained at zero). As discussed above, the values of KI are
all very small, but it is the trends that are of signiﬁcance.
For KII (Fig. 6b) the overall form of the curves for variation of
stress intensity factor during the passage of the contact is insen-
sitive to the differences between cases with and without addi-
tional thermal input. Dotted lines in the plot represent the cases
with additional thermal input. At negative contact positions there
is some sensitivity of KII to thermal input. At positive contact
positions there is almost no effect from thermal input, with KII for
metallurgical expansion or contraction cases being above or below
baseline values irrespective of the additional thermal input.
The effect of thermal input on SIF range is shown numerically
in Table 4. For both metallurgical expansion (cases 2, 3) andr suppressing rail defect growth through tailoring rail thermo-
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Fig. 6. Effect of additional thermal stress (warm wheels) on stress intensity factor for 1 mm crack, left crack tip. (a) Mode I, and (b) mode II. Legend gives case number from
Table 1.
Fig. 7. Crack growth rate dependence on crack size for cases 1, 2, 3, 6, and 7. (a) Left crack tip, and (b) right crack tip. Case 6 is equal to the baseline case 1 for cracks of 5 mm
length an over.
Table 2
Stress (MPa) at 1 mm from the rail surface, centrally below the contact and
transformed layer.
Case Longitudinal Vertical Lateral Shear
1 661.2 995.6 497 209.1
2 632.8 968.7 480.5 212.5
3 604.4 965.1 470.8 213.2
6 688.9 1022 513.2 205.7
7 660.4 1018 503.6 206.5
Table 3
Crack growth rates (nm/cycle) for all the cases and sizes of cracks modelled.
Case 1 mm 2 mm 5 mm 10 mm 15 mm
L R L R L R L R L R
1 3.0 3.4 4.1 3.2 5.9 4.7 5.6 7.4 5.1 8.0
2 3.8 4.2 5.6 3.7 8.3 4.8 9.6 8.3 9.9 9.0
3 4.1 4.7 7.4 5.2 10.7 6.7 10.8 10.1 11.6 11.0
4 4.5 4.8 – – – – – – – –
5 4.5 5.0 – – – – – – – –
6 2.4 2.8 3.4 2.7 5.7 4.7 5.3 7.4 4.9 7.9
7 2.6 3.3 5.0 3.8 8.2 6.5 7.7 9.2 7.3 9.9
D.I. Fletcher, S.H. Sanusi / Wear ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 5contraction (cases 6, 7) the trend emerges that thermal input
produces (i) minor or no change inΔKI, and (ii) an increase inΔKII.
The crack growth predictions (Fig. 7) show that a contracting
microstructure is beneﬁcial in suppressing crack growth (growth
rate in case 6 is close to or reduced below the baseline case).
However, this beneﬁt is negated by surface heating from a warm
wheel (case 7) for all but very small cracks which are wholly below
the 2 mm wide transformed expansion/contraction region. For an
expanding microstructure (case 2) the crack growth rate is always
above the baseline case, and is made even higher when a warm
wheel is considered (case 3).
3.4. Microstructure design
The research presented in this paper has considered a range of
crack sizes at 1 mm below the surface, and indicates suppression
of crack growth is possible if metallurgical transformation through
thermal input produces contraction rather than expansion of the
microstructure (considering this separately from temporaryPlease cite this article as: D.I. Fletcher, S.H. Sanusi, The potential fo
mechanical properties, Wear (2016), http://dx.doi.org/10.1016/j.wear.thermal expansion). This indicates it would be beneﬁcial to study
steel chemistry that can achieve this behaviour, or to undertake
tests on a range of existing rail steels to see if some types already
have this beneﬁcial property. Beyond comparison of crack growth
predictions with the physical evidence for existing rail defects
(Fig. 1), validation depends on identifying such a material, and
developing a crack growth law speciﬁc to mixed mode non-
inclined sub-surface cracks. When considering new rail coating
technologies [19] there is also the possibility of choosing a coating
with this crack suppressing property. Even if contraction cannot be
achieved, there would be beneﬁt in selecting steel metallurgy able
to reduce levels of expansion when metallurgical transformation
takes place following thermal input. In further work a crack closer
to the surface will be considered to understand the very earliest
stage in growth of a defect near thermal damage, and whetherr suppressing rail defect growth through tailoring rail thermo-
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Table 4
Mode I and II stress intensity factor range for all cases modelled.
Case 1 mm 2 mm 5 mm 10 mm 15 mm
L R L R L R L R L R
ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII ΔKI ΔKII
1 0.1 14.2 0.1 14.8 0.2 15.6 0.0 14.4 2.6 17.3 0.3 16.3 4.2 16.7 0.3 18.7 4.4 16.1 0.3 19.2
2 1.4 15.1 1.2 15.6 2.2 17.0 1.7 15.0 3.4 19.1 1.5 16.3 5.5 19.5 2.2 19.3 6.2 19.5 2.9 19.7
3 1.3 15.5 1.2 16.3 2.1 18.6 1.7 16.7 3.4 20.7 1.5 18.1 5.6 20.3 2.1 20.5 6.3 20.6 2.8 21.0
4 2.1 15.7 1.9 16.1 – – – – – – – – – – – – – – – –
5 2.1 15.8 1.9 16.3 – – – – – – – – – – – – – – – –
6 0.0 13.3 0.0 13.9 0.0 14.7 0.0 13.7 2.4 17.1 0.8 16.3 4.1 16.4 0.7 18.7 4.4 15.9 0.5 19.1
7 0.0 13.6 0.0 14.6 0.0 16.6 0.0 15.3 2.2 19.2 0.6 18.0 4.2 18.5 0.5 20.0 4.6 18.1 0.3 20.5
D.I. Fletcher, S.H. Sanusi / Wear ∎ (∎∎∎∎) ∎∎∎–∎∎∎6there is a prospect of “designing out” growth of cracks from this
damage type.4. Conclusions
Evidence of severe thermal loading (white etching layer, WEL)
is often associated with rail defects. Severe thermal input has three
main consequences, which last over different durations:
(i) temporary thermal expansion of the steel, (ii) permanent
metallurgical transformation of the steel to WEL, and (iii) per-
manent locked-in stress produced by the change of material
volume associated with the metallurgical transformation. The
modelling in this paper focuses on area (iii) and predicts that WEL
can accelerate growth of cracks below it through locked in stress
due to metallurgical transformation from pearlite to martensite
which causes a local increase in volume of the rail steel. Con-
versely, taking a hypothetical case in which thermal damage leads
to a permanent contraction of the steel microstructure it is pre-
dicted that crack growth rate can be reduced. The changes pre-
dicted in crack growth rate are small, but point to the interesting
possibility that if a material (new steel chemistry or a clad layer of
a non-steel material) were to contract locally in response to
thermal damage it could suppress any subsequent crack growth
close to this damage, or at the interface between the clad layer/
repair and the underlying rail which is a crucial position prone to
defects. Validation against physical samples depends on the
creation of a suitable rail surface material offering contraction in
response to thermal transformation. This, along with investigation
to better understand if and how existing understanding of inclined
surface breaking crack behaviour translates to horizontal embed-
ded cracks, are the subject of future research.Acknowledgements
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